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INTRODUCTION 
Devel opment of test pr ocedu r e s  and the accumu­
l at i on of  test data a r e  essent ial for  the pr ope r de s i gn of  
agr icultu r al el ect r i c  vehicles  ( EVs ) . El ec t r i c  Cho r e­
master  I ( EC - I ) i s  a r esearch pr ot otype that appl i es the 
advantages  of EV technology to farm cho r e  t as k s . Des i gn 
and constr uct i on o f  thi s t ractor we r e  compl eted in  June 
1 9 8 4  ( Vi k , 1 9 8 5 ) . L ife-cycle  economic  sav ings  pl us 
demonstr ated EV advantages of l ow noi se , absence of 
no xious f umes and ease of starting wer e expect ed to favor 
EVs f or f arm c ho r e  tas k s . 
Many batte ry-power ed veh i c l es were  i n  use  at the 
b eginning of thi s  century . Howev e r , due to t he i r  l imited 
-
range , they we re r eplaced by internal -combus t i on eng�ne 
vehicl es f o r  al l but spec i al iz ed appl ica t i on s . The ene rgy 
c r i s i s  i n  t he 1 9 7 0 s  rek indl ed publ ic  i nte r est in  
gener al-pu rpose EVs . Al though that publ i c  inter est has 
waned in  the wake of the pr esent " o i l  gl ut " ,  the quanii ty 
and diver s i ty of EVs sold has grown a s  indust r i es  capi tal ­
i z e  on t h e  advantages of such veh i c l e s  f o r  spec i al ty 
app l i cat i ons . Cont inued · expansi on of EV use would  help 
reduc e the vulne r ab i l ity of  the Uni ted Stat e s  to another 
2 
ene rgy c r i s i s .  Simi l arl y ,  el ect r i c  t r act o r  devel opment 
would help r educ e  the vulner abi l i ty of agr icultu r e  to a 
sudden s l owdown o r  inter rupti on of o i l  suppl i e s . 
The Depa r tment of E�er gy sponso r ed studies  at 
several l and-g r ant un iver s i t i e s  to dete rmine the 
feas ib il i ty of battery-powered t r ac to r s . The r es ul t s  of a 
study at South Dakota State Univ e r s i ty ( SDSU ) indicated 
that an e l ect r ic t r actor  could do many cho r e  task s on 
No rth Cent r al Uni ted Stat es fa rms ( Resen , 
Low batt e ry ener gy dens i t i e s  r el ative 
ene rgy dens i t i es l imit EVs for  f iel d 
et al . ,  1 9 81 ) . 
to l iqu i d  f uel 
wo r k , but these 
r esearcher s determined that thi s would  not be a l imit ing 
f actor f o r  speci al iz ed c ho r e work . Less  noi s e ,  no fumes 
and l ower  repa i r  cost were ci ted as advantage s . 
The Nat ional Ru r al El ect r i c Coope r ative As soc i­
at i on (NRECA ) and the SDSU Ag r i cultur al Expe r iment St at ion 
f inanc ed t he conver s i on of a four-wheel d r iv e , ar t i cul ated 
di esel t r actor to battery-power ,  whi ch resulted i n  the 
EC- I .  The f i r st prototype was des i gned and b u i l t , but the 
l imi ted avail abi l i ty of des i gn i nformati on to  s i z e  the EV 
component s meant t hat testing was ·c ruc i al to eval uate 
component s i z ing . Extensive test ing of the p r ototype was , 
the ref o r e , necessary to obtain impo rtant i nfo rmation to 
help des i gn f uture  el ectr ic  t r act or s .  Test ing pr ov ided a 
mor e  exact method of pr ed ict ing ene r gy use to help s i z e  
3 
batte r i es and motor s for  spec i f ic agr i cul tu r al task s . The 
main goal of test ing ·was  to det e rmine the ope r at ing 
c haracter i st i c s  of  the prototype EC- I , the r eby , pr ov iding 
informat i on f o r  de s i gn improvement s and f o r  des i gn of 
futur e agr i cul tu r al EVs . The following f o u r  obj ect ives 
wer e  def i ned to achieve  thi s  goal : 
1 .  Dev i se a test  procedu r e  to quant i fy batt ery­
powe r ed f arm t r actor pe rfo rmance . 
2 .  Dete rmine power take- o f f  ( pto ) and dr awbar 
powe r  maximums and rel ated ope r at ing cha r act e r i s t i c s . 
3 .  Devel op a model that cal cul ates EC- I  ene r gy 
use for  f arm c hor e task s by summing the p r ed i cted ener gy 
requi rement s f o r  standar d  task segment s ,  and eval uate 
-
the model us i ng an independent data set . 
4 .  Recommend des i gn improvements for  the EC- I  
prototype . 
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L ITERATURE REVI EW 
Electr ic Vehicl e Feasibiltiy 
Nonagr i cultural Feas ibil ity 
E l ect r i c  vehicl es have exi sted i n  spec i al i zed 
appl i cati ons th roughout thi s  century in  both the Uni ted 
State s  and E u r ope . Exampl es of these  spec i al iz ed 
appl i cat i ons i nc lude : f o r k l ifts , mine vehic l es , ai rc raft 
tow veh i cl es ,  del ive ry vans and t r uc k s ,  gol f  carts , 
per sonnel c a r r i e r s , lawn and gar den t r acto r s  and feed 
cart s . El ect r ic vehi cles  hav e  f l ou r i shed in the se 
appl icat i ons due to the i r  l ower l if e- cyc l e  cost and l ack  
-
of noi se and toxi c f umes ( Ch r i st i anson , et al . ,  1 9 8 5 ) . 
Most  manufact u r e r s  have  di rected the i r  ef f o r ts to 
spec i al ty appl icati ons for  EVs , s i nc e  l imi ted r ange , 
sl uggi sh per f ormance and high purchase pr i ce r es t r ict 
acc eptanc e of el ect r i c  road vehic l e s . EVs hav e  been u·sed 
as del ive ry vans and in  comme r c i al fl eets i n  Europe , and 
research  examining these EV appl icat i ons  i s  being con-
duct ed i n  the Uni ted States . Due to t he l imited daily 
trav el r equ i red , these appl ications a r e  w ithin present EV 
capabi l i t i es . Be rg , et al . , (1 9 8 4 )  surveyed c omme rcial 
fl eet ope r ator s and found that 3 . 3 mil l ion veh i cl e s  were 
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d r iven l es s  than 60 mil es pe r day . These vehi c l es could 
be r epl aced by el ectri c vans d e s i gned w i th technol ogy 
avai l abl e today and be economi cal ly compe t i t ive on a 
l ife-cycl e bas i s  ( Hami l ton and B ev il acqua , 1 9 8 5 ) . The 
El ect r i c  Power Research I nsti tute ( EPRI ) and the El ect r ic 
Vehi cl e Dev el opment Co rpo r at ion ( EVDC ) hav e  a s s e ss ed com­
mer c i al fl eet EV appl icat ions and a r e  dev el oping an EV 
introduc t i on str ategy ( Kalhammer , et al . , 1 9 8 4 ) . Past 
research and f i el d data demonst rate that EVs can be 
techn i cal ly and economically compe t i t ive w i th i nternal ­
combust i on eng i ne veh i cl es  for  spec i al ty appl i ca t i ons . 
Agr i cul tur al Feas i b i l ity 
� 
Agr icul tu r al cho r e  and ut i l i ty wo r k  a r e  spec i al -
i z ed appl icat i ons w i th duty cycl es  s im i l a r  t o  other  
successful EV appl ications and , the r ef o r e , coul d be 
techn ical ly and economical ly suitabl e f o r  EVs . The 
Depar tment of Energy funded r egi onal feas i b i l i ty studies 
to determine , if  el ect r ic t r acto r s  could sub s t i tute for  
pet rol eum · powered vehicl es in  agr icul tu r al appl ications . 
Alcoc k ,  et al . ( 1 9 8 1 ) dete rmined t hat an el ect r ic t r actor 
could be used in  e x i st ing farm patterns i n  New Jet sey to 
reduce on- f arm ene r gy use . The same study demonst rated 
that el ect r i c  t ract o r s  could assume l ight f i el d and 
6 
haul ing tas ks  on V i r gi n i a  farms and r educe t r actor  ene r gy 
consumpt i on by 1 3  pe r cent .  Resen , et al . ( 1 9 8 1 ) concl uded 
that : ( 1 ) batte ry-p�wer ed vehi c l e s  a r e  techni cal ly fea­
s ibl e f o r  farm use  i n  t he Nor th Cent r al region , ( 2 ) 
el ect r i c  t r acto r s  a r e  mo re f eas i bl e  on 2 0 0  to 1 0 0 0  ac re 
f arms than on l ar ge r  f arms and ( 3 )  el ect r ic t r actor  poten­
t i al use i s  af f ected by farm ope r ation type . Al cock 
( 19 8 3 ) devel oped a compute r  model to study the de s i gn and 
f i el d  pe r f o rmance of a battery-powered t r actor  and found 
thi s  t r actor to be best su i ted f o r  mate r i al s  car rying and 
l ight cul tivat i on tas k s . Avail abl e batt e ry ene rgy dens i­
t i es of 0 . 0 3  k i l owatt/ k i l og r am ( kW/ k g )  l imi t ed the r ange 
of the tr actor , the r eby , l imiting i t s  pot ent i al for heavy 
f i el d  wo r k . 
Stud i e s  have  indi cated that EVs a r e  economical ly 
compet i t iv e  with di esel tract o r s  f o r  f arm appl ications . 
Cons i de r i ng battery repl acement a s  an ene r gy cost , a 
batte ry- powered t r actor saved 1 1  pe r cent a s  compar ed to a 
d iesel t r actor ( T abl e 1 ) . Chr i st i anson , et al . ( 1 9 8 5 ) es� 
timat ed the annual cost of el ect r i c  t r actor s to be 1 1  
pe rcent l es s  than di esel tracto r s_by · as sum ing vehi c l e  l i f e  
and maintenance cost difference s  t o  be  compa r abl e t o  those 
document ed f o r  di esel and el ectr ic f o r k l i f t s  ( Tabl e 2 ) . 
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Tab l e  1 .  Ener gy co st compa r i son between e l ect r i c farm 
t ractor s and equival ent- s i z ed d i esel t r acto r s  
( C h r i st i anson , et al . ,  1 9 8 5 ) . 
Energy co st/un i t  
Eff i c i ency at 
pa rt- load , 
stop- and-go 
cond i t i ons 
Ener gy cost/useful  
output at  veh i c l e  
axl es  
Battery repl acement 
cost/u sef ul output 
at vehicl e a xl es  
( $1 50/ kWh i n i t i al 
cost and 
1 5 0 0  cycl e  l if e )  
Vehi cle  ene rgy 
ope rat ing co st/unit 
useful  output at 
veh i c l e  axl e s  
El ectr i c  · 
Di r ect1 Battery-power ed 
Di esel 
$ . 1 0/ kWh2 
7 7% 
$. 1 3/kWh 
$. 1 3/ kWh 
$. 0 5/ kwh2 $ . 3 0/ l iter 
3 3% 1 0% 
$. 1 5/ kWh $ . 2 8/ kWh 
$. 1 0/ kWh 
$. 2 5/kWh $ . 2 8/ kWh 
1Di r ect-power  EVs hav e  the el ectr i cal ener gy t r ansmitted 
through some type of co rd  ar r angement to the motor wh ile 
the veh i c l e  i s  mov ing . Examples i ncl ude cord-type 
el ect r i c  l awnmower s , el ectric  t r ains , e l ect r i c r a i l-type 
buses and el ect r i cal ly d r iven cente r-pivot i r r i gator s .  
2These el ectr i c  ene r gy costs .assume that the 
di r ect-powe r ed vehicl e is ope r ated u s ing on-peak 
el ect r ical ene r gy at $ . 1 0/ kWh whi l e  the battery-powe r ed 
vehi cl e i s  char ged us ing of f-peak el ect r ical ene r gy at 
$ . 0 5/ kWh . 
Table 2 .  L ife-cycl e . analysi s of 
convent i onal farm tracto r s  
al . ,  1 9 8 5 ) . 
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el ect r ic versus  
( Ch r i sti anson , et  
Elect r i c  Diesel 
Direct Battery-powe r ed 
Init i al cost s of a 6 0  kW , 
4 WD equ ival ent t r actor $40 , 0 0 0  
( 1 9 8 4  i n  Uni ted States )  
Expected veh i c l e  l ife  1 0  year s 
Annual owne r ship  costs 
at 1 0 %  inte r e st $ 6 , 5 2 5  
Annual ener gy cost s with 
7 5 0 0  kWh ene r gy $ 97 5 
ava i l abl e at axles  
Annual maintenanc e 
and r epa i r· costs $ 6 , 0 0 0  
Total annual costs $1 3 , 5 0 0  
· $50 , 0 0 0 2 $40 , 0 0 0  
1 0  y ea r s  7 year s  
$ 8 , 1 50 $ 8 , 2 90  
$ 1 , 8 7 5 $ 2 , 1 00  
$ 4 , 5 0 0  $ 6;ooo 
$1 4 , 5 2 5  $16 , 3 90  
1Di rect-powe r EVs have  the el ect r ical ener gy tr ansmitted 
through some type of co rd  ar r angement to t he motor while 
the veh i cl e is mov ing . Exampl es  i ncl ude co rd-type 
· el ectr i c  l awnmowers , el ect r i c  t r ains , el ect r ic r ai l-type 
buses and e l ect r i cally dr iven cente r-pivot i r r i gato r s .  
2 The batt�ry co sts assoc i ated w i th this  veh i c l e  a r e  
incl uded in  t h e  ene rgy costs ( t abl e 1 )  because batt er ies 
a r e  a r epl aceabl e item with an e xpected l if e  l ess than 
that of the t r actor . 
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These stud ies  indi cate that an el ect r i c  t r actor  i s  
technical ly and economica l ly feas i bl e  f o r  spe c i al iz ed · 
cho r e  and ut i l i ty agr icultur�l tas k s .  Thi s  v eh i c l e  coul d 
do l imited dur at i on f iel d wor k  in emergenc i es , b�t woul d 
not be su ited f o r  cont i nuous heavy f i el d  wo rk  . with 
cur rently ava i l ab l e  i ndust r i al ,  lead-ac i d  batte r i es .  
Electric Choremaster I De sign 
A battery-powered tractor was de s i gn ed and built  
at  SDSU with f unding f rom NRECA and the SDSU Ag r i cultur al 
Expe r iment Stat i on .  A four-wheel dr ive , a r t i cul ated 
f rame , d i esel t r actor was conver ted to battery power . An 
indust r i al�  lead-ac i d  sto r age battery power s a 3 6-kW 
di rect cur rent ( de )  motor that dr ives the wheel s ,  and a 
17 -kW de motor that dr ives the pto and hydr aul ic pump . 
EC-I ut i l i z es the o r i ginal di esel t r actor  powe r  t r ain and 
hydr aul ic syste� . 
In�ti al comparat ive test ing indi cated 57 t o  67 
pe rcent ene r gy sav ings f o r  the el ect r i c  v e r s ion ( Vik , 
1 9 8 5 ) . EC-I pe r f ormance of farm cho r e s  demonst r ated a 
need f o r  better speed cont rol of the pto and hydraulics 
motor ( Hel de r , 1 9 8 5 ) . The no i se l evel of the el ect ric 
ver s ion was 6 2  dec ibel s cont rasted w i th 8 0  to 9 0  dec ibels 
1 0  
f o r  typi cal d iesel tractor s ( Lati f ,  1 9 8 5 ) . These studies  
desc r ib e  veh i c l e  advantages and note  some des i gn probl ems 
for f urther  investi gati on . 
Electric Vehicle Testing 
El ect r ic  v eh i c l e  testing can be  d i v i ded i nto two 
main a reas : ( 1 )  component test ing and ( 2 )  vehi c l e  test ing . 
Many researche r s  (Carter  and Todd , 1 9 8 3 ; B l ickwedel and 
Hand , 1 9 8 3 ; Popeck , et al . ,  1 9 83 ; B i sh and T i etmeye r ,  1 9 8 3  
and Fenton and Ol sen , 1 9 8 3 ) used pe r iodi c  component tes ts 
as par t  of a vehicle testing prog r am to help expl ain 
changes i n  v ehi cl e pe rformance . A compr ehensive test pl an 
which i nc l uded saf ety eval uat ions , cha r g e r  test s , batt ery 
capac ity tests and veh i cl e pe rfo rmance dynamometer , track 
and. road t ests was devel oped by EPRI and the Tenne ssee 
Vall ey Autho r i ty ( TVA) ( Carter  and Todd , 1 9 8 3 ) . 
Component Test i ng 
" Propul sion batte ry pe rfo rmance i s  the singl e 
largest var i abl e in  EV testing " ,  acco rding to  Marte  and 
B ryant ( 19 8 3 )  f rom the Jet Propul s i on Labo r atory ( JPL ) . 
Capac ity test s at a constant r ate of d i scharge and 
l i f e-cycl e tests  are  the two main type s of batte ry tests . 
cur rent 
EPRI/TVA 
of 5 0  
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di scharged batte r i es a t  a constant 
or 7 5 ·ampe res  (A }  unt i l  the battery pack 
vol tage d r opped below 1 . 7 5  volts  pe r cel l to dete rmine 
capac ity {Ca r t e r  and Todd , 1 9 8 3 } . F enton and Ol sen {1 9 8 3 } 
f rom Det r o i t  Edi son dete rmined batte ry capac i ty by 
di scharging at a constant cur r ent of 7 5  A unt i l  any g roup 
of s i x  cel l s  r eached a vol tage of 1 . 7 5  vol t s  pe r c ell . 
These r esearche r s  measur ed l oad cur r ent , batt e ry terminal 
vol tage , vol tage of gr oups of fou r to  s i x  cel l s , 
el ect rolyte tempe r atur e and time of di schar ge . The 
Nati onal El ect r i cal Manufactur er s Assoc i ation  ( NeMA ) 
Standar d  IB-2 {1 97 4 }  r ecommends a d i scha r ge r ate  i n  
amperes · ( hel d w i t h i n  o n e  pe rcent ) equ al to one- si xth of 
the battery s i x-hour capac ity rating , whi ch i s  t e rminated 
when the battery pac k  vol tage r eaches 1 . 7 0  vol ts pe r cell . 
The Nati onal Battery Test ing Labo r atory {NBTL) at Argonne 
Nati onal L abo r atory {ANL ) di schar ged l ead-ac i d  batte r i es 
at the r ate  r ecommended by the manuf ac tur er  unt i l  an 
endpo i nt of 1 . 7 5  vol ts pe r cel l was r eached ( Ho r n st ra and 
Yao , 1 9 8 2 ) . The av er age capac ity f r om th r ee d i scharges  was 
repor ted as the batt e ry capac i ty .  
The EC-I batte ry · capac ity test r esui ts  should show 
a capac i ty nea r the publ ished spec if ica t i ons of 3 4 0  
1 2  
ampe r e-hou r s  (Ah ) 1 and 4 2  k i l owatt- hour s ( kWh) . Data 
prov ided by Gene r al Battery Corpo r at i on ( GBC , 1 9 8 0 ) ill us­
tr ated the acc el e r ating decl ine in t e rminal vol tage and 
l inear decl ines in  spec i f ic g r av i ty and ampe r e- hour s dis­
charged ov er time for  the capac ity test . Vincent , et al . 
( 1 9 8 4 ) , and Unnewehr and Nasar ( 1 9 82 ) , conduct ed di scharge 
tests that showed s imilar  accel e r at i ng decl ines in  ter­
minal vol tage over  time of di scharge . Ma r sh ( 1 9 8 1 ) d i s­
cussed resul ts that showed the el ect rolyte temper atur e 
would s l owly r i se about seven deg r ees Cel s i us ( C )  over  a 
compl ete d i sc harge , which began at ambi ent tempe r atur e ._ 
Viv i an and Bryant ( 1 9 8 4 )  conducted tests  to 
eval uate char ger pe.r f o rmance at d i f f e r ent i n i t i al battery 
depth-of-di schar ge (DOD ) and electrolyte tempe r atu r e .  They 
-
recommended that char ge al gor i thms f o r  l ead- ac i d  batte r i es 
compensate f o r  battery tempe r atu r e  to p r event ov er- or 
under-char g i ng .  Battery terminal vol tage , charg ing 
cur rent and tempe r atur e were measui ed at thr ee l ocations 
dur ing t ests  and c har ge r ope r ation t ime and al ter nating 
cur rent (ac ) power requi red were r ec o r ded . Power and 
energy input to the charger wer e  measur ed by Rees e  (1 9 8 3 ) . 
Addi t i onal ly , the root mean squar e  (rms ) val ue , the rms 
1An ampe r e-hour is a measur e of the vol ume of el ect r i c i ty ,  
equal to one ampe re f o r  one hour , or 3 60 0  co ul ombs . It 
is used to e xpr ess  battery capac ity ( GBC , 1 9 8 0 ) . 
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val ue o f  the f i r st 2 5  harmoni cs , the phase ang l e of the 
harmoni cs  and the wavef o rm of ac vol tage and c ur r ent were 
measur ed . Ave r age and wavef o rm val ue s of vol tage , cur r ent , 
ampe r e- hou r s , · power and ene r gy output by the charger we r e  
al so r ec o r ded . 
Resea r cher s have  documented the c hange in some 
batte ry pa r amete r s  wh i l e  the battery is on- c ha r ge . Resul ts  
f rom Hornst r a  {1 9 8 5 ) and GBC ( 1 980 ) showed an i nc r ease  i n  
battery terminal vol tage and spec i f i c  g r av i ty and a l inea r  
inc rease of el ect r olyte tempe r atu r e  and ampe re- hour s 
returned t o  the  batte ry with time . Typical batt e ry ene r gy 
ef f i c i enc i es r epo r ted were 7 5  pe r cent ( Ma r sh , 1 9 81 and 
GBC , 1 9 80 ) . The char ge r manuf act u r e r  indicated the 
char ger would be  about 85 to 90 pe r cent eff ic i ent 
( Sc hobe r , · 1 9 8 4 ) . Reese ( 1 98 3 )  repo r ted data  that showed 
25  .harmoni c s were behind the ac vol tage and cur rent 
wavef orms f o r  a Phil ips charger , and that an ac r ipple  was 
behi nd the de cur rent and vol tage to the batt ery . · Li ttl e  
informat i on i s  avail able i n  the l iteratur e o n  the f erro­
resonant type of char ger used to char ge the EC-I battery . 
Battery l if e-cycl e test r es ul t s  were  needed to 
accu r ately predict the l ife-cycl e cost · of EC-I and 
dete rmine i f  capac ity changes during cycl ing for  · the se 
tests woul d af f ect test r esults . Conduct ing a l if e- cycl e 
test on the EC-I battery was impr act ical due to time 
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cons ider ati ons and the demi se o f  the battery a t  the end of 
the test , consequently battery l if e  was est imated f rom the 
l i te r atu r e .  Indu st r i al sto r age batt e r i e s  a r e  de s i gned to 
l ast abo ut 2 0 0 0  ope rati on/char ge cycl es ( GBC , 1 9 80 ) . The 
battery in EC-I has a th ree year gua r antee f o r  one cycl e 
pe r 2 4  hour s ,  o r  1 0 9 5  cycl es  ( Mil l er , 1 9 8 4 ) . 
The battery manuf actu r e r  determines cycl e l ife  
by randomly sel ect ing a few cel l s  f rom pr oduct i on ,  and 
d i schar g i ng at the f our-hour rate f or a s e r i es of cycles 
( NEMA , 1 98 3 ) . Every 1 0 0  cycl es , the batt e ry capac i ty is 
chec k ed ( NEMA , 1 97 4 ) , and if the battery f ai l s  to r each 80  
pe r cent of r ated c apac ity in one of two tests the number 
of thi s di scharge  cycl e is r eco rded as  the  battery l if e  
( NEMA , 1 9 8 3 ) . L ittl e inf o rmation i s  av ai l ab l e  i n  the 
l i teratu r e · about indust r i al sto r age batter i es ( examp�es 
incl ude f o r k l i f t  and mi ni ng vehi cl e batte r i es ) , because 
attent i on has been focu s ed on t r act i on batte r i es ( exampl es 
incl ude gol f  ca rt and el ect r i c car batte r ies ) for EV 
appl i cat i on .  Ponsford ( 197 9 )  and Vincent ( 1 9 8 4 ) indi cated 
that industr i al batter i es have mor e  l if e  cycl es ( about 
1 50 0 )  but · a l ower ener gy densi ty compa r ed to  EV t r act ion 
batte r i es . Ponsford  ( 1 97 9 ) , Ewashinka ( 1 9 8 4 )  and Perone 
and Spindl er  ( 1 9 8 4 ) have all  conducted l if e  cycl e test s on 
EV tr ac t i on batter i es .  It is d i f f icul t to compa r e  the 
resul ts of  these tests because each researc her cycl ed 
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diff erent batter i es i n  a sl i ghtly di f f e r ent manne r and 
us�d diff e r ent end of l i�e c r iter i a  • . Based on t h i s  inf or­
mat i on ,  one thousand cycl es for  EC-I  batte ry l if e  woul d be 
a conse rvative est imate . S ince approximately 3 5  cyc l es 
immedi ately fol l owing the battery b r ea k - i n  cy�l es we re  
env i s i oned. f or thi s testing , capac ity changes d�r ing 
testi ng were  a ssumed to b e  negl igl ibl e .  
Vehi cl e Test i ng 
B ryant ( 1 9 8 3 )  f rom JPL recommended two test  type s 
for EVs : ( 1 )  engi nee r ing and .( 2 )  " how peopl e dr ive " . 
Eng inee r i ng tests  can be subd iv i ded i nto  dynamometer and 
tr ack  t est s ( Marte  and B ryant , 1 98 3 ) . Ma rte  and B ryant 
( 1 9 8 3 ) b eliev e dynamometer test ing i s  best because of its 
repeatab i l i ty and hav e dev el oped a method of co r r el ating 
dynamomet e r  test r esul ts to t r ac k  test r e sults . F enton 
and Ol sen ( 1 9 8 3 ) al so conducted thei r  v eh i c l e  tests on a 
dynamomete r . Car t e r  and Todd ( 1 9 8 3 ) f r om EPRI/TVA con­
ducted mo �t of the i r  vehicle testing on an oval test 
track . The Soc iety of Automot ive Eng inee r s  (SAE , 1 97 6) 
Recommended P r ac t i ce J2 27 a spec if i es r oad t est s for  EVs.  
Nowak (1 9 8 1 ) and Menga , et al . ( 1 9 8 1 ) used r oad tests to 
dete rmine EV perf ormance . 
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The main advantage o f  dynamomete r and t r ac k  tests 
iS thei r repeatabi l i ty u'nder cont r ol l ed test cond i tions , 
compar ed to the  a dvantage of road tests , whi ch i s  obtain­
ing vehicl e pe rformance r esults unde r act ual ope r ating 
conditions . Al though these researcher s  d i sa g r e�d on the 
best test method , they al l measur ed vehic l e  speed , battery 
cu r r ent , battery vol tage and batte ry ene r gy d i schar ged as 
func t i ons of time . 
These r esearchers  used e i ther  a d i g ital data 
acqu i s i t i on sy stem or str ip chart r eco rde r s  to r ecord  data 
dur ing test s . Menga , et al . ( 1 9 8 1 } and B l om ,  et al . 
( 1 9 8 1 } powered the inst r umentat i on sy stem w ith a 1 2-vol t 
( V} deep-cycl e batte ry .  Blom ,  et al . ( 1 9 8 1 ) sampl ed data 
every second dur ing test s , whil e Mar t e  and B ryant ( 1 9 8 1 } 
f rom JPL sampl ed data as fast as the sy stem capab il ity 
al l owed f o r  a sho r t  time inte rval du r ing tests  and at a 
sl ower r ate  f o r  the r ema inde r of the test . Inst r ument at i on 
used incl uded shunt s ,  voltage div i de r s  and s t r ai n  gage s 
( Menga , et al . ,  1 9 8 1 ) , Hal l-effect t r ansduce r s  (Carter  and 
Todd , 1 9 8 3  and B l om ,  et al . ,  1 9 81 )  and a f ifth  wheel 
( Carter  and Todd , 1 9 8 3  and SAE , · 1 97 6 ) . To obtain a 
certain pe r cent b attery DOD , the f ol l ow i ng equat ion was 
used ( SAE , 1 97 6) : 
DOD= ( ED/EA) *lO O 
wher e : DOD=depth-of-di schar ge , pe r cent 
ED=ene rgy dischar ged at a spec i f ied 
rate , kWh 
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EA= total ene r gy av ail ab l e  ( c apac ity )  at  
a spe c i f i ed r ate , kWh 
Other methods used to def ine DOD incl ude cel l vol tage and 
spec i f i c  g r av ity measur ement s ( GBC , 1 9 80 ) . The eff ec t s  of 
DOD are invest i gated w i th the batter i es 0 ,  40 and 80  pe r­
cent di schar g ed ( SAE , 1 97 6 ) . Fenton and Ol sen ( 1 9 8 3 )  con­
ducted accel e r at ion tests at 0 ,  2 0 , 4 0 , 6 0  and 8 0  pe r cent 
batte ry DOD to dete rmine the ef fect of DOD on accel e r a­
tion .  The · SAE J227 a C and D cycl es a r e  the pr edom inant 
test cycl es used , but the Fede r al U rban D r iv ing Schedule 
( FUDS ) has been used as a cycl e by some r esearc her s 
( F enton and Ol sen , 1 9 8 3 ) . Mil i tary Standa r d  MIL- STD-26 8C 
( USDOD , 1 96 3 )  has been used to test el ect r ic f or kl ifts � 
Al though thi s inf ormat ion was helpf ul in de s i gning an 
inst r ument at i on system , choosing 
measu r e  and devel oping test cycl es ; 
what pa rameter s to 
these tests  were not 
dev elope d to  quanti fy and eval uate t r actor  pe r formance . 
Agr i cul tur al tr actor testing d i f f e r s  f rom EV 
testing b ecause the max imum pto and d r awbar power i s  as 
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important as  t he veh i c l e r ange .  The Ame r i can Soc i ety of 
Ag r icul tu r al Eng i nee r s  (ASAE ) Standar d  20 9 . 5  ( 1 9 85) 
provides a standa r di z ed ,  repeatabl e method of measur ing 
the pe r f ormance of convent ional t r actor s .  Thi s  standa rd 
al so desc ribes  test pr ocedur es to  dete rmine fuel 
consumpt i on at maximum and varying pto and d r awbar power .  
Pto pow e r  tests  a r e  conduct ed at the standar d  pto speed of 
540 rev o l ut i ons pe r minute ( r/min ) , and d r awbar power 
tests are conducted at sel ected speeds f o r  each t ractor . A 
conc r ete o r  bituminous surface , a mini mum of 9 1  meter s ( m) 
in l ength w'ith  an approach of 1 5  m ,  i s  r ecommended for  
d r awbar power test s .  
Tests follow i ng thi s  procedur e  a r e  per f o rmed at 
the Nebraska  tractor test fac i l ity in  L inco l n , Neb r aska . 
Thi s f ac ility uses the engine of a spe c i al ly modif ied 
tractor as a compr essor to prov i de the l oad f o r  d r af t  
tests {Lev it i cus , 1 9 8 5 ) . F i restone uses  a l ar ge t r actor 
thr ottl ed back as the l oad du r ing t r ac t i on test s , in other 
words , the l oad is the brak ing power of the engine 
(Brodbec k , 1 98 5 ) . 
Stange , et al . { 1 9 8 2 ) ; G r ev i s-Jame s ,  et al .  
(1 9 8 3 ) ;  Tompk ins  and Wil helm ( 19 8 2 ) and Gr een , et al . 
(1 98 3 )  a r e  a few of the many r e� earcher s tha t  hav e  
devel oped t r actor i nstrumentati on systems . These sy stems 
were tailored to meet each r e searcher's spec ific 
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obj ect iv es and used data acqu i s i ti on equ i pment t o  r ecord 
data and ei ther a 1 2-vol t battery or a por tabl e gene r ator 
to power the i n st r umentation . D r awbar  pull was measur ed 
by a s t r a i n  gage dynamomete r , and speed was measur ed by a 
radar t r an sduc e r  o r  by counting r evol ut i ons of  e i ther the 
f ront wheel or a f if t h  wheel . Tompk i n s , et al . ( 1 9 8 5 ) 
compa r ed the per f o rmance of these th r ee speed mea sur ement 
technique s and concl uded that r adar was the most accur ate 
for all speeds and surface s ,  except v egetative cover . 
Other pa r amete r s  were  measured a s  r equ i r ed by each 
researcher . 
Stange , et al . ( 1 9 8 2 ) desc r ibed the basi c  i nst ru­
mentat i on pack age used to r ecord pto and d r awbar power 
data f or these tests . Mod if ications and add i t ions to the 
basic  package wil l be noted and de sc r i bed i n  the t�st 
procedu r e  secti on .  
Some tr ends for  the r esults can b e  de sc r ibed based 
on the EV and t r actor  test ing other  r esearch e r s  hav e  com­
pl eted . Due to the cur r ent l imit set by the motor con­
trol s ( Hel de r , 1 98 5 ) , EC-I was e xpected to h ave  a r educed 
maximum powe r  output at l ow state- of�cha r ge ( SoC)  ( o r  high 
DOD)  because  of l ow er · battery terminal vol tage . EV 
accel erat i on , or maximum power avai l abl e ,  was r educed at 
low SoC ( F enton and Ol sen , 1 98 3 ) . Howev e r , at l ow power 
l evel s ,  pe r f ormance was not aff ected by SoC ( JPL , 1 9 8 1  and 
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Von Cou r b i e r e  and Kl ein , 1 9 8 3 ) . Thi s  was suppo rted by 
ini ti al EC- I test r esul ts ( Vi k , 1 9 8 5 ) . EC- I  w as e xpected 
to prov i de maximum power for  sho r t  du r at i ons above the 
rated pow e r  of the vehi c l e  because of se r i es-wound de 
el ect r i c  motor  ope r ating char acte r i st i c s . Dur ing constant 
d r af t  test s  on asph al t, the draf t  was expected to vary 
pl us or  m inus one pe rcent f rom the ave rage ( Sampson , 
1 9 8 5 ) , compa r ed to pl us o r  minus 5 0  to 1 0 0  pe rcent f rom 
the av er age on di r t  ( Stange , et al . ,  1 9 8 2  and B andy , et 
al . , 1 9 8 5 ) . These r esults h ighl i ght some of the i nhe r ent 
differ enc es  between an elect r ic t r actor  and a di esel 
tractor , such as  hi gher than r ated power  f o r  sho rt du r a­
tions and l ower maximum power at l ow SoC . 
Agricultur� Electric V¢hiqle Energy Use Model 
Resear cher s have devel oped EV range and per for­
mance model s based on : {1 ) measur ed test data and {2 )  
theo r et i cal  conc_ept s .  Many EV model s  hav e  been dev el oped 
us ing ana�yti cal methods to pr edict on- road pe rfo rmance 
( Unnewehr and Nasa r , 1 9 8 2 ) . Most model s of  t h i s  type wer e  
devel oped b y  comb i n i ng �nalytical model s o f  individual 
component s to pred i ct r ange or accel eration . Other model s 
used component test data r ather than analyt i cal methods to 
predict pe r f ormance . 
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Al coc k  ( 19 8 3 ) dev el oped a model that pr ed i cted 
ene r gy requi r ements f or battery-powered v ehi c l e s  to  pe r­
form f iel d task s . Thi s  comput er model w as based on t r ac­
tion theory , and th� r esults suggested that a battery­
powered v ehi cl e woul d be unsui tabl e f or heavy f iel d wor k .  
Booth ( 1 9 7 7 ) r ecommended that model s b e  pa rti­
tioned i nto sub sy�tems and asser ted that it  is  e ssent i al 
that the model be eval uated with data other than that used 
to devel op i t . A model that pr edicts  ene r gy use  by d iv i d­
ing each tas k i nto standard  s egment s such as accel e r ating 
a l oad to a constant speed , pul l ing a l oad at a constant 
speed and decc e l e r ating a l oad , has not been devel oped for  
agr i cu l tu r al work . The pr oposed model w il l  ut i l i z e test 
resul ts to dev el op empi r ical equat ions to p r ed i ct energy 
-
use for  each segment of a task . Predicted ene r gy use for  
each segment of the  task  i s  then summed to obtain a 
pred i cted ene r gy use for  the ent i r e  task . Ene r gy requi r ed 
for  many tas k s  coul d be predicted by dev eloping mul tipl e  
r egr ess i on equat i ons for  a f ew standard  segments . 
The model w i l l  be examined u s ing a second data 
set , co l l ected af ter dev el oping the · pr edict i on equations , 
to pr edict ene r gy use for a f ew tas k s . The actual ene r gy 
use w i l l  be compa r ed to the pr edicted ene r gy use .· Thi s  
model w i l l  enabl e des i gne r s  t o  s i z e  components  by pr e­
d i ct i ng the ene r gy r equ i red for  an el ect r i c  t r actor to 
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pe rform · r equ i r ed tasks . Val uabl e informat ion on cho r e  
ta sk r equ i r ement s wil l be  prov i ded by th i s  model , because 
a1 though power and energy r equ i r ements for f i el d tasks 
have been documented (ASAE Yearbook , 1 9 85 and Hunt , 1 9 7 7 ) , 
r equ i r ements f o r  c ho r e  tasks  are  not wel l def ined . 
Agriculture Electric Vehicl e Management 
Three pa r amet e r s  that inf l uence batt e ry capacity 
are : ( 1 )  the r ate of d i scharge , ( 2 ) the battery tempe ra­
tur e  and ( 3 )  pr ev ious DOD . A common method of  repr e­
sent ing the eff ect of rate of discharge on capac i ty ,  or 
the tr adeof f between power and ene r gy , i s  the Ragone pl ot 
of spec i f i c  power ver sus specif ic ene r gy .  Data suppl ied 
by the batte ry manuf actu r er ( Mi l l er , 1 9 8 4 ) we r e  used . to 
devel op a Ragone pl ot f or the batte ry in EC-I, whi ch shows 
that when the usabl e ene rgy capacity dec r eases  by 25 
pe rcent the r ate of d ischar ge doubl es  ( F i gu r e  1 ) . Gi ese 
and Wal sh ( 1 9 8 3 ) _ and Unnewehr and Nasa r  ( 19 8 2 ) document ed 
thi s r el ati onship f o r  other . l ead-ac i d  batte r i e s . The 
indust r i al stor age battery used in  EC-I has l ower spec if ic 
power and spec if ic  ene r gy compa r ed to t r ac t i on l ead-ac id 
batte r i es because of i ts heav ier const ruct ion .  The Ragone 
pl ot i l l ust r ates how the ene r gy av a i l abl e in a battery 
dec r eases  as the powe r output of a battery i nc r eases . 
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Lower  batte ry tempe r atur es dec r ease  battery capac­
ity appr oximately one pe rcent per deg r ee Cel s i us  ove r  the 
normal ope r at i ng r anges , and th i s  i s  t ermed the " one 
pe rcent rul e " ( McK inney , et al�, 1 9 8 3 : Hew itt and B ryant , 
1 9 8 2  and Vinal , 1 9 5 5 ) . Nowak ( 1 9 8 3 )  found that batt e ry 
capac i ty dec r eased 1 2 . 5  pe r cent pe r 1 0  degr ees C when 
battery tempe r atur e r anged f rom -2 0 to 2 5  deg r ees C .  
However , h e  al so found battery capacity dec r eased 4. 1 
pe r cent pe r 1 0  deg r ee s  C when battery tempe r atu r e  r anged 
f rom 25 to 54 deg rees C .  Lucas Chl or i de ,  a batte ry manu­
facturer , dev el ope d the fol l owing equa t i on f o r  tempe r a­
tur es bel ow 3 0  degr ees  C rel at ing b atte ry capa c i ty and 
tempe r atu r e  (Al cock ·, 1 9 84) : 
Ct=C3 0 * ( 1+0 . 0 0 9 ( t- 3 0 ) )  
wher e :  C3 0 =f iv e- hour rate battery capac i ty at 3 0  
deg r ee s  C ,  Ah 
Ct= f iv e-hour r ate batte ry capac i ty at t 
degr ees  c, Ah 
t=el ectrolyte tempe r atu r e ,  deg r ee s  c 
NEMA S tandard  IB-2 ( 1 97 4) adj usts capac i ty for  tempe r atur e 
changes ( degr ees Fah r enhei t )  with an equat i on of the same 
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form as the Lucas Chl o r i de equat ion . S imil a r  i nfo rmation 
was prov ided by the manuf actur er about the EC- I  batt ery 
( GBC , 1 98 0 ) . The data f rom the manufactur e r , the " one 
pe r cen� rul e "  and the Luca� Chlor i de equat ion y i eld 
s imil ar c u rv e s , whi l e  the NEMA equat i on show s  a smal ler  
capac ity l os s  with tempe r ature ( F i gu r e  2 ) . 
These r e l at i onships were used to e st i mate that on 
an e xt r em e  w i nt e r  day ( -30  degr ees  C )  the EC- I  battery 
would hav e  about one- hal f of no rmal capac i ty ava i l abl e 
( 17 0  Ah ) . Even on a mil d w inter day in South Dakota ( z ero 
deg rees C ) , the EC- I  battery woul d  be  expected to have 
only three- four th s  of normal capac i ty av a i l ab l e ( 2 2 5  Ah ) . 
The el ectr o lyte tempe ratu r e  was assumed to be  the same as 
ambient tempe r atur e  i n  this  analysi s .  Thi s  mean s  that 
EC-I would only be abl e  to ope rate f o r  one- hal f -to 
thr ee-fou r th s  of its normal time in a cho r e  r out ine , 
indicat i ng the need for management prac t i c e s  to  keep. the 
el ectro lyte tempe r atur e above ambient . 
These management pract ices incl ude insulating and 
heat i ng the battery and timing the char ge to uti l iz e  the 
el ect rolyte tempe r atur e r i se dur ing chargi ng as pa r t  of 
the heat i ng r equi r ed to maintain no rmal capac ity .  Nowak 
( 1 9 8 3 ) concl uded that most of the capac i ty los s  at l ow 
tempe r atu r es was due to poo r char ge acceptance of the 
c. � 
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batte r i es . Ther ef ore , another po s si bl e  sol ut i on i s  to 
charge EC-I ins i de a heated bui l d ing to mai nt a in nea r 
no rmal capac i ty throughout the w i nte r . Al though col d 
wint e r  weathe r  makes it  diff icult to maintain battery 
capacity , pr ope r  battery battery management can .minimiz e 
thi s  probl em .  
The pr ev ious DOD of the battery af f ect s the 
battery capac ity .  For example ,  if a battery is cycl ed to 
SO pe r cent DOD 10  time s  and then cycl ed to  80 pe rcent DOD , 
the ene r gy avail abl e woul d be l e�s  than i f  the battery 
were cycl ed to 8 0  pe rcent DOD al l 1 1  times ( Vinal , 1 9 5 5 
and Hew itt and B ryant , 1 9 8 2 ) . Thi s  memo ry ef f ect i s  smal l 
for l ead-ac i d  batter i es ( Hornst r a , 1 9 85 ) . Hew i tt and 
B ryant ( 1 9 8 2 ) desc r ibed a second memo ry ef f ect  b ased on 
di schar ge · r ate . Battery di schar ge at a h i gh rate impai rs  
batte ry capac i ty dur ing the sub sequent di scharge . Thi s  
ef fect was smal l in l ead-ac i d  batte r i es ,  and these 
resear cher s r ecommended negl ect ing it . Ther efo r e ,  the se 
memory ef f ects  c.an be negl ected for  l ead-ac i d  batte r i e s . 
R�gul ar battery maintenance i s  impo r tant to 
obtain max imum batte ry l if e .  A ma·nual pub l ished by the 
manuf actu r er ( GBC , 1 9g0 ) r ecommends the f ol l owing 
impor tant batte ry mai ntenance procedur es : ( 1 ) the battery 
shoul d be  pl aced on char ge with the char ger set to the 
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daily char ge pos i ti on1 whenever  the spec i f i c  g r av i ty fal l s  
below 1 . 2 3 0 , ( 2 ) onc e a · week , the cel l water l evel should 
be checked and , if  l ow ,  pur e  water added , ( 3 )  once a week , 
the battery shoul d be  char ged w i th the charger  set to the 
weekly charge pos i t i on ,  ( 4) once a month , the spec i f ic 
grav ity of al l cell s  shoul d  be  r ead af ter c ha r g ing , ( 5 ) 
once a month , the battery should be  cl eaned , ( 6 )  once a 
month , cabl e l eads and c onnector s shou l d  b e  chec k ed and 
( 7 )  accu r ate batte ry records shou l d  b e  kept . El ect r olyte 
tempe r at u r e  shoul d not e xceed 46 deg r ees  C dur ing normal 
ope r at i on ( GBC , 1 9 80 ) . For EC-I to be econom i cal ly 
competi t ive  on an annual cost bas i s , these maintenance 
proc edu r es mus t  be performed . Thi s  w i l l  reduce the 
batt ery r epl acement cost by ensur ing that max imum battery 
l if e  i s  obtained . 
Saf ety is  another  impo rtant aspect of EC-I manage­
ment . Battery aci d  and h i gh vol tage a r e  the main haz ards . 
Some pr ec auti ons to  obs e rve when �erv ic ing a battery 
include : ( 1 )  d i sconnect the batte ry f rom the t r ac tor , ( 2 ) 
use i nsul ati ng tool s when wor k ing on batte r i es , ( 3 ) wear  a 
1 The c harger  had two charging opt i ons : ( 1 ) a dai ly charge 
pos i tion which prov i ded the battery with a normal char ge 
and ( 2 )  a weekly charge pos i t i on w hi ch p r ov i ded the 
battery with an equal iz at ion cha r ge .  An equal i z ation 
charge extends three hour s longe r to insur e the compl ete 
resto r at i on of act ive mater ial s  in  al l pl ates of al l 
cel l s  ( GBC , 1 9 80 ) . 
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face shield  o r  goggl es and ac i d  r e s i stant apr ons and 
gl ov es when taki ng spec i f ic grav ity r ead ings , ( 4 ) do not 
wear metal l ic j ewel ry �hen serv ic ing a battery , ( 5 ) hav e  
wate r avail abl � nearby t o  wash any el ect r olyte spi l l s  off 
cloth i ng o r  s k i n , ( 6 )  do not smok e ,  ( 7 )  pr otect the 
battery f rom f l ames and spa r k s  and ( 8 )  charge  the battery 
in a wel l-vent i l ated area to prevent bu i l dup of hydrog en 
gas ( GBC , 1 9 8 0  and NEMA , 1 9 8 4 ) . Precaut i onary l abel s f or 
batter i es used f or motive power are  de sc r i bed i n  NEMA 
Standar d  IB-1 ( 1 9 8 2 ) . 
d i f f e r ent saf ety probl ems , 
Al though EC-I pr esents some 
EVs ar e not inh er ently mor e  
dangerous t han convent i onal t r actor s ,  and p r oper ope r ator 




component tests were per fo rmed on the batt�ry and 
char ge r because the s e  two components have the l ar gest 
ef fect on v ehi c l e  pe r f ormanc e .  The obj ect ives f or battery 
and char ger  tests were to : ( 1 )  dete rmine pr e s ent battery 
capac i ty ,  whi ch establ i shes a base f o r  monitor i ng c apac ity 
changes dur ing b attery l if e ,  ( 2 )  measu r e  battery and 
charger eff i c i ency , ( 3 ) dete rmine el ect r olyte tempe r atur e 
changes  du r i ng d ischarge  and c ha r ge , ( 4 )  moni tor  spec i f ic 
grav ity changes dur ing d i schar ge and c ha r ge and ( 5 )  
establ i s h  the charging prof i l e  of de vol tage and c ur r ent 
the char gei  suppl i es to the batt e ry . S imi l a r  pa r ameter s 
wer e measu r ed ,  often us i ng the same t r ansduce r s  for  
batte ry and c harger  tests , so  they are  di scu s s ed together . 
Lead-ac i d  battery memory ef fects  a r e  measur abl e ,  though 
smal l , howev e r , they are eas i ly erased by the f i rst 
constant-c u r r ent di sc harge at the s i x-hour rat e  (Vinal , 
1 9 5 5  and · Hew i tt and Packard , 1 9 82 ) . The r ef o r e ,  one 
constant- cu r r ent di schai ge was used to el iminate the 
memory eff ect s . The next two d i scharges  were  used to 
measu r e  battery capac ity .  A batte ry capac i ty test , ev ery 
50  cycl es , was r ecommended (C arter  and Todd , 1 9 8 3  and 
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Fenton and Ol sen , 1 9 8 3 )  to moni tor capac i ty changes so 
that the eff ect of battery capac ity on veh i cle  pe rfo rmance 
could be dete rmined . 
Inst rument at i on 
B attery terminal vol tage , de cur r ent f r om the 
batte ry , el ect r o lyte temperatur e i n  1 8  sel ect ed c el l s  
( F i gu re 3 ) , vol tage o f  1 6  g roups o f  four  cel l s  each , de 
cur rent to t h e  battery and ac vol tage , cu r rent and power 
to the char ger  were measu r ed in  battery and charger tests . 
F rom these measu r ement s , the fol l ow ing pa r amete r s  were 
calcul ated : ( 1 ) char ge ,  battery ene r gy and battery 
ampe r e- hour  ef f i c i enc ies ; ( 2 ) ampe r e- hour s  and ene rgy 
di scharged f r om the battery ; ( 3 )  de ampe r e- hou r s  and 
ene rgy del ive r ed to the battery and ( 4 ) ac ene r gy prov i ded 
to the char ge r . Ten spec i f ic g r av i ty measur ements  were 
taken dur i ng each di scharge and cha r ge . 
An instrumentat i on ci rcu it  ( F i gu r e  4 )  was des i gned 
us ing el ect r i cal senso r s  and the rmocouples to measur e 
these quant i ti es . Resi st ive vol tage div ide r s  r educed the 
de vol tage and ac vol tage by factors  of 11 . 7 5  and 5 . 0 7 ,  
respect iv ely . A cu r r ent transfo rmer reduced the ac 
cur rent by a f actor of 10 to a l evel mea sur abl e by the ac 
cur r ent t r ansducer . The cu r r ent t r ansduce r pr oduced a de 
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output rel ated to  the rms val ue o f  the input a c  cu r r ent . 
The ac cur rent f rom the cu r rent t r ansf o rmer and the ac 
vol tage f rom the v ol tage div ide r  were  the input to a power 
transduc e r , whi c h  was cal ibrated using an ac power meter . 
A l inear  reg r es s ion ( R
2 =0 . 9 9 5 )  pe r f o rmed on the power 
t ransduc e r  cal ibr at i on data r esulted i n  the f ol l ow ing 
cal ib r at ion equat i on : 
P=l 9 5 0 0 *V 
whe re : P=pow e r , watts (W) 
V=vol tage read by mul timete r ,  V 
A de cu r r ent s hunt w ith an output of SO mil l ivol ts  ( mV) 
per 1 0 0  A input measur ed the de cur r ent . Copper-
constantan the rmocoupl es me asu r ed b att ery 
tempe r at u r es . 
e l ect r olyte 
A data acqu i s i t i on system coll ected and sto r ed 1 0 0  
data po ints f or eac h  di schar ge and c har ge . The sy stem 
cons i sted of a microcomputer  as the cont r ol l e r , a scanner  
as the mul tipl exer  and a mul timeter  to measu r e  vol tages 
and cur r ent s f rom the transduce r s . The mul timeter  was 
accu rate to wi th i n  pl us  or  minus 0 . 0 4 4 pe r cent of the 
measu r ement . Us i ng a BASIC prog r am ( F i gu r e  5 ) , data were 
sampl ed ev ery thr ee minutes whi le d i scha r ging and ev ery 
ncq i n  t e e t , 
T= O 
End t e ::> t , 
'1' = '1' · 
F ig u r e  5 .  
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I n p u t  i n f o r ma t i o n  
test c o nd i t ions . 
i n f o r mat i on 
t e s t cond i t i on s . 
H e u d  e a c h c ha n ne l . .., 
C a l c u l a t e d a t a  f r om eac h 
· c ha n ne l , ene rgy a nd - ·  
ampe re- hou r s .  
S t o r e  d a t a  o n  t a pe . 
Y e s  
Data acqu i s it i on l og i c c ha r t  f o r  bat t e ry a nd 
c ha r g e r  d a t a  c o l l ec t i o n  p rog r am • . 
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nine minut es whil e  char ging t o  obtain  appr oximately one 
hurid r ed data  poi nt s . Thi s  sample r ate was acceptabl e be­
cause the measu r ed par amete r s  changed s l owly . Information 
on test cond i t ions· was stor �d on tape bef o r e  i ni ti ating 
each test . Ene rgy and ampe re- hour pa r amete r s wer �  calcu­
lated on an inc r emental basi s ,  and an end-of-test condi­
tion was cont inual ly checked for by the pr og r am .  Specif ic 
grav ity was r eco r de d  manual ly by wei ghing 10 mil l il iters  
( ml )  of  el ect rolyte f rom each of  two t e st cel l s .  
Procedu r e  
The battery · capac ity test was based o n  NEMA Stand-
ard IB 2 ( NEMA , 1 97 4 ) . The type of cha r ge the batte ry re­
ceives pr i 6 r  to _ the capac ity test and the i n i t i al el ect ro­
lyte tempe r ature  shoul d  be  the same to compa r e  d i ff er ent 
capac i ty tests ( NEMA , 1 97 4 ) . P r i o r  to each di scharge , an 
equal i z ati on char ge was pe rfo rmed on the battery . 1 The two 
di schar ges began_ at 3 0  and 33  degrees  c ,  so  e l ec t rolyte 
tempe r atu r e  had s imilar  capac ity ef f ec t s  f o r  each test . 
1 The char ger had two char ging opt i ons : ( 1 )  a da ily charge 
pos i t i on whi ch pr ov ided the battery with a no rmal charge 
and ( 2 ) a week ly charge pos i t ion whi ch prov ided the 
battery with an equal iz ation charge . An equal iz ation 
charge extends three hour s longe r to i ns ur e the compl ete 
restor at i on of act ive mater ial s  in al l pl ates of al l  
cel l s  ( GBC , 1 9 80 ) . 
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The batt e ry was di schar ged at a constant-c u r r ent , 
si x-hour r at e  into a par al lel  c i rcuit  of four 
tempe r at u r e-compensated r esi sto r s  and one wat e r  rheostat . 
To obtain the s i x-hour r ate f o r  the batte ry ,  a constant 
cu r r ent of 56 . 7  A was maintained by us i ng the water 
r heostat to f ine tune the resi stance as the terminal 
vol tage dropped .  The di scharge cur r ent was i n i t i al ly set 
at 5 6 . 8  A ,  and was reset eve ry time i t  f el l  bel ow 5 6 . 6  A .  
Cl os i ng a swi tch ini t i ated the di scharge abo u t  one second 
bef o r e  the data co l l ec t i on pr ogram began . Du r ing the l ast 
two hou r s  of the test , vol tages of each gr oup of four 
cel l s  were  conti nual ly moni tored by the data acqu i s i t ion 
system to detect ·weak cel l s .  When a weak c e l l  was 
detecte d ,  it  was manually monito r ed to  ensur e that its 
pol a r i ty di d not become r eversed .  The battery te rminal 
vol tage was cont i nual ly moni tor ed by the data acqu i s i t ion 
system the l ast two hour s of the tes t , and the test was 
terminated when the te rminal vol tage dropped below 1 0 8 . 8  V 
( 1 . 7 0  V pe r cel l ) . Af ter a f inal datum poi nt was taken ,  
the d i schar9e  w a s  stopped by openi ng a sw itch . The same 
procedu r e  w �s fol l owed for  al l discha t ges . 
Speci f i c  g r av i ty in the two test  c el l s was 
manual ly chec k ed every 3 0  minutes ( min ) du r ing d i scharge 
and ev ery 9 0  min dur ing charge . The spec i f ic g r av i ty was 
measu r ed by w ithdraw ing a 1 0  ml vol ume f rom the cel l in . a 
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sy r inge a n d  weighing the vol ume o n  a scal e that was 
accu r ate to plus  or minus 0 . 0 5  grams ( g ) . The fol l owing 
equati on w as used t o  calculate spec i f ic g r av ity : 
SP= ( SF-SE ) / ( SW- SE )  
where :  SP= spe c i f i c  g r av ity ,  dimensi onle s s  
SF=we i ght o f  the sy r inge and 1 0  ml of 
el ect r olyte , g 
SE=weight of the sy r inge empty , g 
SW=wei ght of the sy r inge and 10  ml of water  at 2 5  
deg r ees c ,  g 
Tempe ratur e  i n  each test cel l was manual ly r eco rded at 
thi s t ime , and the spec i f ic g r av i ty was cor r ected for 
tempe r atur e  by adding or subt r acting 0 . 0 0 1  for  eve ry 1 . 67 
deg r ee above o r  bel ow 2 5  deg rees c (NEMA IB- 2 ,  1 97 4) . 
Spec if i c  g r av ity and tempe r atur e were  mea sur ed ( as 
de scr ibed for  the capaci ty test ) every 9 0  min dur i ng 
charge . The char ger  was started about one second before 
the data col l ect ion prog r am .  Dur ing the l ast hal f of the 
char ging test , the de c u r r ent to the batt e ry was 
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cont i nual ly checked f o r  an end-of-test condition  ( z ero 
ampe r e s ) . When the end-of-test · cond i ti on occu r r ed ,  the 
time of the cha�ge  was r ecorded and the pr og r am ended . 
vehicle Teste 
Veh i cl e tests pe rformed i ncl uded l oade r , pto ,  
draf t ,  f ield  and model dev el opment tests ( tests  t o  devel op 
and c heck the ene r gy use model of EC� I ) .  These tests  used 
the same i n st r umentat ion system and measu r ed t he same co r e  
o f  par amete r s .  Add iti onal pa r a�e t e r s  were  measur ed ,  
dependent o n  the test . The obj ect ives o f  v eh i c l e tests 
were to : ( 1 ) dete rmine maximum pto and d r awba r  power  and 
rel ated ope r at i ng c ha r act e r i st i cs a nd ( 2 ) develop a mod�l 
that pr edi cts ene r gy use by summing p r ed i cted ene r gy use 
for standa r d  segments of a task . 
Inst r umentation · 
B attery voltage and c u r r ent w e re meas ur ed and 
reco r ded dur i ng ev ery test . A r e s i s t ive vol tage divide r  
reduc ed the batt ery vol tage by a f actor  of 1 1 . 7 5  to a 
val ue measur abl e by the digital vol tmeter i n  the data 
acqui s i t i on system . A .de shunt mea s u r ed the batte ry 
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cu r r ent . The manufactur er  spec if i ed a 1 0 0  mv output when 
5 0 0  A f l ows  through the shunt , so t he shunt output in 
vol ts was mul tipl i ed by 5 0 0 0  to dete rmine the cu r r ent . 
The measur ed batte ry vol tage and c u r rent v al ue s  were  used 
to cal cul ate the batt e ry power requi r ed dur i ng t ests . 
A- tor que senso r  with a c apac i ty of 2 3 0 0  
newton-mete r s  ( Nm)  and 0 t o  650 0 r/min measu r ed pto torque 
and speed . Vol tages to a four- arm st r ain gage b r i dge that 
measu r ed shaf t def l ection were suppl ied v ia sl i p  r i ngs and 
br ushes . The b r i dg e  output was · d i rectly r el ated to 
torque . A magnet i c  pi ckup , outputt ing 60 pul ses per 
r evolut i on , sensed pto speed . A f requency condi t i oner 
converted t he di g i tal pto speed s i gnal to an anal og 0 to 5 
V de s i gnal for  measur ement by the data acqu i s i ti on 
sy stem .  A prev ious cal ib ration ( Stange , et al . ,  1 9 8 2 )  was 
ver i f i ed by us ing a por tabl e eng ine dynamomet e r  to l oad a 
tracto r engine through the torque t r ansduc e r  mounted on 
the pto shaf t .  The recal ibrated l inear regress ion 
equati ons f o r  torque and speed di f f e r ed f rom the prev ious 
cal ib r at i on by l ess t han f ive pe r cent . Ther efo r e ,  the 
prev i ous cal ib r at i on wi th the f o l l owing r egression 
equat ions ( R2 =0 . 9 9 9  and R2 =0 . 9 9 9 , respect ivel y )  was used 
to cal cul ate pto torque and speed : 
PT=l 07 4. 4* ( EO/EI ) +2 . 1 
wher e :  PT=pto t orque , Nm 
and : 
· EO= torque sensor strain gage b r i dg e  output , V 
EI=torque sensor str ain gage b r i dg e  .power  · 
supply , V . 
PS= 2 0 0 *V 
wher e : PS= pt o  r otational speed , r/min 
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Pto power  output w as cal cul ated f rom the measur ed pto 
torque and spe e d  v al ues . 
D r af t  f o r ce was measur ed with a thr ee- po i nt h itch 
dynamometer des i gned and built  by Johnson and Voo r hees 
( 1 97 9 )  • D r af t  was measur ed by a f our- arm str ain gage 
br idg e  attached to an al uminum torque tub e  and a r r anged to 
be sen s i t ive  only to d r aft  forces . The dynamom eter was set 
on the high range , capabl e of measur ing d r aft  f orces of up 
to 67 k i l onewtons {kN ) . The or iginal cal ibrat ion {Johnson 
and Voor hees , 1 97 9 )  was verif ied by suspending known 
wei ght s f rom the dynamomete r . The data acqu i s i ti on sy stem 
reco r ded the data , and the r esult ing l inear r eg r es s i on 
equati on for  d r af t  di f fe r ed f rom the o r i g inal cal ibr ation 
by l ess than f iv e  pe rcent . Ther efo r e ,  �he or i g inal 
cal ib r at ion w i th the fol l owing r e g r es s i on 
{R2=0 . 9 9 2 )  was used t o  cal culate d r af t  f orce : 
D=23 . 7 0 * (-EO/EI ) 
wher e :  D=d r af t ,  kN . 
EO= d r awbar dynamometer str ain gage b r i dge 
output , V 
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equation 
E I = d r awbar dynamometer str ain gage b r i dg e  power 
supply , V 
The meas u r ed val ues of draf t  and spe ed were used to 
cal cul ate drawba r power .  
A r adar veloc ity senso r measur ed t r actor  speed . 
Thi s  sensor  dete rmined speed by ref l ecting mic r owaves  f rom 
a mov ing s u r f ace  and measur i ng the doppl e r  shi f t  of the 
microwav e  f requency . The sensor emi tted a pul sed output 
over i t s . usab l e  r ange of 0 . 4 5 to 2 2 . 3  mete r s  pe r second 
{m( s ) . A f requency cond i t ioner chang ed t he d i g i tal output 
s i gnal to an anal og 0 to 5 V de s i gnal for  measur ement by 
the data acqu i s i t i on sy stem. The sensor was cal ibr ated by 
di rect i ng the mic r owaves at the mov ing b el t  of a 
constant- speed treadmil l .  Over a cal ib r at i on r ange of 
0 . 43 to 4 . 3 m/ s , a l inear regr ess i on {R2 =0 . 9 9 6 ) r esulted 
in the f ol l ow ing cal ib r at ion equation : 
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GS=2 . 0 2 *V-O . O l  
wher e :  GS= s-peed , m/ s  
Other  instruments used throughout t he test ing 
incl uded power suppl ies , tachomete r s ,  stopwatches , 
thermocoupl es , a cone pent rometer and a de kWh mete r . A 0 
to 20  v de power  supply prov i ded f iv e  vol ts  t o  the str ain 
gages , and ampl if i ed the r eturning s i gnal . A 0 to 6 0  vol t  
de power  supply prov ided 12 . 0  V de t o  the r adar vel oc i ty 
sensor . The di al tachometer i n  EC- I moni tor ed mot o r  speed 
with the r esul t r eco rded manual ly . A handh el d d i g i tal 
tachomete r was used to me�sure motor  speed which was 
reco r ded manual ly when · the tachometer i n  EC- I  was not 
ope r at ive . A stopwatch was used to measur e  the . time 
requi red to t r av e r se the test cour se dur i ng d r aft test ing . 
The same the rmocouples used for  component tests measur ed 
el ectrolyte tempe r atur e dur ing pto test s . A cone 
penetrometer  was used to dete rmine cone i nde x est imates of 
the soi l  f o r  d r af t  tests . A de kWh meter measur ed the de 
ener gy d i schar ged dur ing ope r ation .  
The data acquisi tion system used was the same as 
the one used f o r  the component tests exc ept that the 
mul timete r was r epl aced by a d i g i tal vol tmeter . The 
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vol tmete r was accu r ate  to 0 . 0 1 5  pe rcent of the vol tage 
measur ement . Data were  col l ected at appr oximately f ive to 
s i x  r eadings per second for  the l oade r ,  d r af t ,  f i el d  and 
model d�v el opment tests us i ng a BAS IC  prog r am ( F i gu r e  6 )  • 
Informati on on t est conditions and the sel ected test 
l ength f rom 0 to 1 20 seconds ( s )  was sto r ed on tape . Af ter 
the test ended , the pr og r am pe r f o rmed c al cu l a t i ons and 
sto r ed the data on tape . A second BAS I C  prog r am was 
desi gned to sampl e data once ev ery minute f or the pto 
tests ( F i gu r e  7 )  , wher e the measu r ed par amete r s  changed 
mo re slowly . Thi s  prog r am per f o rmed c al cu l at i ons and 
stor ed data on tape between data sampl es and al l owed the 
ope r ator to dete rmine the end-of-test cond i t ion . 
Power was suppl ied f rom the 1 1 0/ 12 0  V ac bu i l d ing 
system f o r  the l oade r and pto tests s i nce  the v eh i cl e  was 
at rest . Fo r the d r af t  and model devel opment tests , power 
was obtai ned f rom a deep-cycl e  12 v batte ry th rough an 
inver ter . Thi s  i nverter converted the 1 2  V de power  sup­
pl ied by the battery to the 1 1 0/ 1 2 0  V ac pow e r  r equi r ed to 
operate the i nst rumentation sy stem . The pr ima ry t r ans­
duc e r s  were  mount ed on the t r actor  f rame ; the data 
acqu i s i t i on system , power suppl ies  and s i gnal cond i t i on­
ing inst r uments wer e  contained i n  a box mounted on the 
battery and the m i c r ocomputer  was mounted i n  t he t r actor 
cab ( F i gu r e  8 ) . 
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F ig u r e 8 .  EC - I  i ns t r umentat i on bl ock d i ag r a m . � ...... 
Procedu r e  · 
Loade r Test s 
Loader tes t s  were  
eff ects of  tempe ratu r e ,  
cur rent r equi red . These 
pto/hydr aul i cs ( PTO/HYD ) 
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conduct ed to  dete rmine the 
load , motor  speed and DOD on 
tests  were conducted on the 
moto r  w i th no pto l oad .  Tests  
wer e  compl eted at  f our ambi ent and el ect r olyte tempe rature  
combinat i ons : ( 1 )  24  deg r ee s  C ambi en·t w i th an  e l ec t r olyte 
tempe r at u r e  of 2 9  deg rees c, ( 2 ) f iv e  deg r ees C ambi ent 
with an el ect rolyte tempe r atur e  of 30 degr ees  c ,  ( 3 ) 9 . 5  
degr ees C amb i ent w ith an electrolyte tempe r atur e of 17  to 
19 degr ee s  C and ( 4 ) three - degrees  C amb i ent w i th an 
el ectrolyte tempe r atur e of 1 5  to 1 6  deg ree s  c. Two l oads 
were tested : ( 1 ) the hydr aul ic pump only and ( 2 ) the 
loader l i f t i ng 4 . 27 kN . The motor  speeds t e sted were 8 0 0  
and 1 5 0 0 r/mi n , whe r e  8 0 0  was the moto r speed r equi r ed to _ 
obtain minimum steer i ng c apabil ity and 1 5 0 0  was con s i de r ed 
to be a typical speed for  l oade r wor k . Bat t e ry DODs 
sel ected were  0 ,  2 0 , 40 , 6 0  and 7 5  percent , .becau s e  other 
researche r s  used these l evel s  ( SAE , 1 9 7 6  and Fenton and 
Ol sen , 1 98 3 ) . The test was des i gned so t hat an analysis  
of  var i anc e coul d b e  pe rformed to i nv esti gate the v ar i abl e 
ef f ect s . 
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A normal  c harge w�s pe rfo rmed o n  the batt e ry pr ior 
to each test . Spe c i f ic g r av ity and tempe r atur e were 
checked i n  the two t est cel l s  bef o r e  the test was started . 
The instr umentati on pac kage measur ed cur r ent and vol tage , 
about· three time s  per second each , for  s i x  second� dur ing 
the l oade r tests . The tractor was manueve r ed into 
pos i ti on b ef or e  the f i r st test at z ero pe r cent DOD was 
star ted . 
The f ir s t  test was at 1 50 0  r/min motor  speed w i th 
the hydraul i c  pump as the l oad . The next test was at 1 5 0 0  
r/min motor  spe ed w i th the l oade r l if t ing 4 . 27 kN . Next , 
a test was conducted at 8 0 0  r/min motor  spe ed ope r ating 
the hydraul i c  pump, and the l ast test was conduct ed at 8 0 0  
r/min motor  speed w i th the l oade r l i ft ing 4 . 27 k N .  The 
test orde r  was the same at al l DODs and f or al l 
tempe r atu r es . Motor  
digi tal tachometer  
speed was  set us ing . a 
to r ecord the pto speed , 
h andhel d 
s i nce the 
tachomete r in the cab was inope rative dur ing t h i s test ing • . 
The pto spe ed was mul tipl i ed by the 4 . 17 to 1 gear 
reducti on f rom the motor to pto to obtain the motor  speed .  
Pto speeds were  recorded within  pl us o r  minus f ive 
revol ut i ons pe r minute of the desi r ed spe ed , the r efore 
motor spe eds were  wi thin pl us o r  minus 2 0  r/min . When 
rai sing 4 . 27 kN , the te st was commenced af ter  the loade r 
began l if t i ng the weight , and the loade r l if t ed the wei ght. 
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thr oughout data col l ection .  The ener gy di schar ged dur ing 
each test was r ecor ded on the de kWh meter in the cab . 
The pe r cent DOD was dete rmined by using the ene r gy 
di scharged as a pe r cent of the 1 0 0  percent DOD capaci ty 
( 45 . 4  kWh ) , whi c h  was determined f rom the capac i ty test . 
Between t �sts , the b�ttery was di schar ged i nto  a bank of 
res i stor s at approximately the si x-hou r r at e .  Batte ry 
vol tage and c u r r ent dur ing d i scha r ge w e r e  mea su r ed at the 
start of the d i schar ge , and the power  was cal culated . One 
hour late r , the vol tage and cur r ent we r e  measur ed again 
and power  was r ec al cul ated . The ave rage value of these 
two power mea s ur ements was mul tipl i ed by one hour and was 
cons ide r e d  to be  the ene r gy di schar ged dur ing that hour . 
The ene r gy di scharg ed dur ing the testing was added to this  
val ue to  dete rmine the total ene r gy di schar ged . A one 
hou r di scharge r eached 20  pe rcent DOD . The ene r gy di s­
char ged and approximate DOD were a s  f o l l ow s : 0 ,  9 . 0 ,  1 8 . 0 ,  
26 . 5  and 3 4 . 0  kWh , cor responding to 0 ,  2 0 , 4 0 , 6 0  and 7 5  
pe rcent , r e spect iv ely . 
Pto Tests  
Pto t ests were  conducted to dete rmine : ( 1 )  the 
maximum pt o power  ava i l abl e unde r dif f e r ent ope rat ing 
cond i t i ons and ( 2 ) the pto ope r ating c ha r act e r i st ics  as a 
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funct i on of  time . These tests  analyz ed the eff ect  of  the 
motor speed f ee dback cont rol ( Hel der , 1 9 8 5 ) and the 
hydraul i c  pump . on pto ope r ati.ng c ha r act e r i st ic s . The 
power ver sus t i me cha r acter i st i cs of the PTO/HYD motor 
were al so dete rmined . Tests were conducted , wi th and 
wi thout f eedbac k , with the motor ope r at ing the hydr aul ic  
pump: and , with and w i thout feedbac k , with  the  motor  not 
ope r at i ng the hydr aul i c  pump . Another  test at d i f f e r ent 
pto power  l ev el s ,  wi thout f eedback and wi thout the 
hydraul i c  pump ope r at i ng , dete rmined the time that power 
coul d b e  output bef ore thermal overload shutdown the motor 
(Vik , 1 9 8 5 ) . 
The batte ry· was g iven a normal charge and the 
dynamomete r adj usted so that torque coul d be r ead di rectly 
from the d i al pr i o r  to the test . Pto speed and torqua , 
battery cu r rent and vol tage and el ect r olyte and amb i ent 
tempe r atu r e  were  measu r ed and r eco rded onc e  ev ery minute . 
Because the pto t orque and speed val ue s  we r e  f ound to vary 
cont i nual ly ove� a smal l range , f o r ty measu r ements were 
av er aged and the av er ages were recorded as  the pto to rque 
and speed datum poi nts  f or each s i xty- second i nte rval . 
With the torque and speed averaging techniq ue , pto and 
battery par amete r s  changed sl owly . Pto and batte ry power , 
ef f i ci ency and de ene r gy and ampe r e- hour s d i schar ged we re 
cal cul ated and stor ed with the measur ed . pa r amete r s .  As a 
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check , pto t or que and speed f r om the dynamom eter ; and 
motor speed f rom the tachometer , · battery cur r ent f rom the 
ammeter , vol ta9e f rom the vol tmeter , de ene r gy f rom the 
kWh met e r  and soc f rom the soc meter  i n  EC-I were  manual ly 
reco r ded every f iv &  minutes . The i n i t i al . and f inal 
spec i f i c  · g r av ity and temperatur e of the two t est cel l s  
were mea s u r ed and manual ly r eco&ded . 
The pto spe ed and l oad were a dj usted to obtain the 
max imum power output pos s i bl e  at 5 40 r/min to i n i t i ate the 
test to det e rmine  pow e r  ver sus t ime cha r act e r i st i c s . Thi s  
power was l imi ted by the cont rol l e r , which l im i ts the 
P'l'O/HYD motor  to a maximum cur rent of 20 0 A ( Hel der , 
1 9 85 ) . Data col l ec t i on was ini t i at ed when t h i s  power  l evel 
was set and c ontinued unt i l  the motor shutdown . A fan 
cool ed the motor f o r  9 0  mi n by bl ow i ng ai r at ambient 
tempe r atu r e ,  w i th an aver age vel oc i ty of 5 . 2  m/ s ,  ove r  the 
motor . Af ter  90 mi n of cool ing , the pow e r  was r educed 
f ive  pe r c ent and the test r epeated . Thi s  procedu r e  was 
repeated unt i l  . the motor  ran cont inuously or  the battery 
reached 8 0  pe rcent DOD . 
The othe r  pto t ests were begun by sett ing the pto 
speed and l oad at the maximum cont i nuous power  l evel 
obtai nabl e at 5 4 0  r/mi n . Thi s  l evel was f ound by 
expe r imentation .  The data acqui s i t i on sy stem was started 
as soon a s  the i ni t i al power l evel was s et and s tab i l iz ed 
5 3  
( usual ly two to f ive minutes after the pto was started } . 
The test was termi nated when the de ene r gy di scharged 
reached 7 0  to 8 0. pe r cent batte ry DOD , as conf i rmed by the 
ampe r e-hou r s  d i scharged . The data acqu i s i tion sy stem and 
EC-I  were shutdown by the ope r ator . 
Draft Tests 
The draf t  test obj ect ives were  to : ( 1 }  determine 
the max imum d r awbar power avai l abl e under r epeatabl e ,  
standar di z ed cond i t i ons and ( 2 }  e xami ne the eff ect s  of 
ope r at i ng cond i ti ons on the power  ava i l abl e .  Max imum 
drawbar power  was dev el oped in all thr ee gear r at i os on a 
bi tuminous s u r f ace ( as phal t t . Sur f ace  cond i t i on and ti re 
tr ead di rect i on ef f ects on drawbar powe r  wer e  analy z ed·. 
Maximum drawba r d r af t  was devel oped i n  all  gea r  rat i os for 
a wet soi l  sur f ace , and several tests  in second gear were 
conduct ed on  d ry soi l  at var ious drawbar pul l s .  Test s in 
thi rd gear were conducted on dry soi l w ith the ti r e  tr ead 
di rect ion the only var iabl e changed � Al though the s e  tests 
did not e xami ne all pos s i bl e  comb inat i ons of ope rat ing 
conditi ons , they were used to est imate the eff ect of 
singl e  var i abl es on the ope rating power  r equi r ed .  
A 9 1  m cou r se with a 46 m appr oach on a l evel , 
bituminous s u r f ace was used for  test i ng . P r ior  to the 
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test , the battery was given a normal c har ge , and spec if ic 
grav ity and tempe r atur e measur ements f rom the two test 
cel l s  were  r ecorded manual ly . A di esel t r actor  s uppl ied 
the l oad by thr ottl ing b ack , the r eby , usi ng the eng ine as 
a brake . The l oad was inc r eased o r  dec r eased by changing 
the tr act6r throttl e _ sett i ng . A 1 2  m ,  1 50 kN- test cabl e 
was connected to the h i tch point of the l oad t r actor so 
that it was pul l ed f o rwar d .  The appr oach served to 
stabil i z e  the l oad and speed . The ope r ator pr essed a key 
whi ch sta r ted the data acqui si tion sy stem r ead ing d r af t ,  
speed and batte ry cur rent and vol tage about once pe r 
second dur i ng the 9 1  m test . In all  thr ee gear s ,  the l oad 
was l east t he f i r st t ime over the cou r s e ,  and s l owly 
inc reased each subsequent_ trav e r se . The same throttl e 
sett i ng of the l oad t r actor was used as a l oad at . a 
battery DOD of about 0 and 7 5  to 8 0  pe r c ent . Test s 
repeated on  d i f f er ent soi l  sur f aces and w ith d i f f e r ent 
t i re tread d i rect i on were conduct ed w i th the l oad t r actor 
at the same throttle  sett ings as f or the tests on asphal t . 
Al l these test s  w e r e  conducted at maximum speed . 
Rol l i ng r e s i s tanc e on a sphal t and dry soi l  was 
measu r ed by pul l ing EC- I  in neut r al us ing the drawbar 
dynamometer  to meas u r e  the draf t  r equ i red . Thi s  t e st was 
conducted at two d i f f e r ent speeds .  EC- I  was dr iven over 
the bi tum i nous test cou r se with no l oad to eval ua te the 
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power . requ i red  t o  ov ercome rol l ing resi stance i n  second 
gear . The eff ect of speed on the power  r equ i r ed to 
overcome r oll i ng r es i stance was anal y z ed by conduct ing the 
test at · sev e r al di f f er ent speeds in  second gea r . 
F i el d  Test s 
The f i el d  test obj ect ives were  to : ( 1 ) dete rmine 
power r equi rem ent s f o r  ce rtain cho r e  tas k s  and ( 2 )  
subj ect iv ely .eval uate EC- I  pe rformance whi l e  completing 
cho r es i n  a f arm env i ronment . One set of tests was 
pe rf ormed on a f arm near B r andon , SD f rom January 2 6 - 3 0 , 
1 985 . Th roughout the test per iod tempe r atur es r anged f rom 
-3 0 to 0 de�r ee s  c ,  and the tractor remained out s i de 
dur ing char g i ng and use . The vehi cle  was · r echar ged 
overni ght thr ee time s .  EC - I  was used to  l oad a f eed wagon 
with s i l age  and hay in the chore  r out ine on thi s  f arm . On 
January 2 8 , the v ehi cl e was dr iven to a nei ghbo r i ng farm 
wher e it was used to load a f eed wagon w i th corn and 
s i l age . 
A second s et of tests was pe rfo rmed March  6-8 , 
1 9 8 5  on the SDSU campus . EC- I  was used to mov e snow each 
day unt i l  the battery r eached 80 pe rcent DOD . 
Batt e ry cur rent and voltage were  measur ed while  
us ing the  l oade r to  l oad s i lage and  hay , to  move snow and 
whil e dr iv ing 
val ues w e r e  
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betw een tas k s . The cu r r ent and vol tage 
used to dete rmine the battery power requi r ed 
for these tas ks ; and to  note whether power r equ i r ement s 
differed f rom those  under mor �  i deal tempe r atur e and s o i l  
surface  cond it i ons . 
Model Devel opment Tests 
The model devel opment test obj ect ives were  to : ( 1 )  
establ i sh the ene r gy r equ i r ed to compl ete standard 
segments of f arm  cho r e  task s and ( 2 ) use a second data set 
to compa r e  pr edict i ons w i th measur ed ene r gy use f or f ive 
cycl es compo s ed of standar d  s egments .  Ope r ating the pto ,  
accel er at i ng a l oad , pul l ing a load a t  constant speed , 
decel er at i ng a l oad and setting at rest  were  def ined as 
standar d  segments . Predi ction equati ons were dev el oped 
for  the f i r s t  set of test data using mul t i pl e  r eg r es s i on 
techniques  f or each segment . Af ter the pr edict i on _ 
equat i ons were  develope d ,  the standa r d  cyc l es to examine 
the model were  chos en . The cycles  inc r eased i n  compl exity 
to al low a prel iminary eval uation of model ut il i ty in 
simpl e and compl ex type s of motion .  
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Establ i shment of �odel Equati ons 
The battery was given a no rmal char ge pr i o r  to , 
and battery cur r ent and vol tage were  measur ed dur ing , each 
test . Test cell  spec i f ic g r av i ty and el ect rolyte 
tempe r atu r e  were  measur ed bef o r e  and af ter each test . The 
batte ry DOD was moni tor ed dur ing these test s , but was 
di sr egar ded as a f actor in  ene r gy use s ince  thes e  tests 
were conducted at par t- l oad ( low power l ev el s ) . The pto 
ener gy use data were obtained by vary i ng the pto power 
output dur i ng one di scharge . Six  pto power  l ev el s were 
obtai ned by vary ing _ the pto torque and s peed . Each l evel 
was held f or 1 0  min ,  and the f i r st f our  l ev el s were 
repeated twi c e . The · data - were col l ected in t he same 
manner  as the pt� t ests di scussed prev iously . 
Th ree l o ads and f our speeds were used to pred ict 
energy use at constant speed . The thr ee l oads were 
provided by pul l ing one , two and th r ee t r ac tor s in  
neut r al .  Each of the f our speeds was r epeated t h r ee times 
at each l oad , and d i f f e r ent speeds w e r e  obt ained by 
sett ing the trac t i on motor spe ed cont rol. at d i f f e r ent 
l evel s .  The PTO/HYD motor was ope rated at 8 0 0  r/min ,  . and 
the data were  coll ected i n  the same manner and ov er the 
same cou r s e  as the draf t  tests d i scussed prev iously . 
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The  accel e r at i on tests  were conduct ed w i th the 
same thr e e  l oads acc el er ated to four d i ff e r ent f inal 
speeds . Each f inal speed obtained was r epeated th ree 
times •t e ac h  l oad . Acc el er ation tests  were  compl eted on 
the bituminous s ur f ace used f o r  the draf t  test s . · For 1 5  
s ,  the data col l ect i on prog r am sampl ed the sam e  var i ab l es 
as in  the d r af t  tes t . The pr og ram was sta rted w i th the 
tractor at r es t  and the PTO/HYD moto r runni ng at 80_0 
r/min . Af ter the progr am had col l ect ed data f or one to 
two second s , the tr act ion motor speed cont r ol was stead ily 
inc r eased to a certain  po int , and the tr actor  al l owed to 
accel e r ate  to a f i nal speed . Whi l e · at r est , dece l e r ating 
( coasti ng )  and pl ugg i ng , 1 the speed cont rol was e i ther in  
neutr al o r  r ev er se d ,  ther ef o r e ,  it was assumed that ene rgy 
use by the tr action motor was z ero ( Unnewehr  and Nasa r ,  
1 9 82 ) . The ene rgy to power the PTO/HYD motor at 8 0 0  r/min 
was obt a i ned f r om the l oader test s . Data f rom these 
standar d segment tests were used to devel op mul tipl e 
regre ss ion predi ct i on equat ions f o r  the model . 
1� metho� of b r a k i ng the t r actor by r ever si ng the motor  f 1eld wh1 l e  the tract or  is  in  moti on ( Hel der , 1 9 8 5 ) . 
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Evaluat i on of  Model Performance 
The ene r gy use model was e xami ned u s ing f ive 
cycl es of  i nc r eas i ng compl exity to d etermine pr edict ive 
val ue ove r  a r ange of cond i t i ons . The f i r st three cycl es 
were pe r f ormed on asphal t pul l ing one and two t r acto r s  
( both i n  neut r al )  as t h e  l oad . These t r acto r s  pr ov i ded 
different l oads than were  used to devel op the predict ion 
equati ons . Each cycl e was r epeated tw ice w i th each load , 
and data were  col l ected on the same cou r se w i th the same 
var iabl es sampl ed as for  the draf t . tests . The dr af t  and 
speed data col l ected . dur ing these tests were  u sed to 
predi ct ene r gy use for each cycl e and compa r ed to actual 
energy use calcul ated f rom the battery cu r rent and vol tage 
measur ement s .  Cycl e I was on asphal t w i th no t u r n s  ( Tabl e  
3 ) . Cycl e  I I  and I I I  w e r e  o n  asphal t w i th turns and had 
the segment o r de r  rea r r anged ( Tabl es · 4 and 5 ) . In cyc l e  
IV , EC- I pul l ed a par t i al ly loaded f eed wagon on a grav et 
surface , around a tur n ,  t o  a f eed bunk ( Tabl e 6 )  • EC-I  
unl oaded t he f eed w agon into the f eed bunk w i th  the pto , 
whi l e  d r i v i ng al ong the bunk in  cycle  V ( T abl e 7 ) . Du r i ng 
thi s l ast cycl e ,  pto t orque and speed we r e  measur ed al ong 
with the var i abl es  measu r ed fot  the other cycl es . These 
cycl es wer e de s i gned to predict model uti l ity by e xamining 
pred i ct i on e r ror  as cycl e compl exi ty incr eased . 
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Table 3 .  Model eval uati on data for  ene r gy use cycl e I ,  on 
asphal t wi th no turns . 
Segment Abb r ev i at i on Time , s 
1 .  Mot i onl ess  w i th PTO/HYD 
motor ope r ating . S I TWPTO 2 
2 .  Accel e rate to a speed . ACCEL 1 5 ' 
3 .  Ope r ate  at a constant 
speed .  CSPEED 1 0  
4 .  Coast t o  a stop . COAST 5 
5 .  Moti onl ess  with PTO/HYD 
motor ope r at i ng .  SITWPTO 2 
6 .  Moti onl ess wi tho ut PTO/ 
HYD motor  ope r ating . SIT 10  
7 .  Moti onl ess w i th PTO/HYD 
motor  ope r ating . S ITWPTO 5 
8 .  Cr eep f o rward  t o  
ti ghten l oad c abl e . · CREEP 5 
9 .  Acce l e r ate to a speed . ACCEL 1 5  
10 . Oper at e  at a constant 
speed . CSPEED 5 
Tota l  time 7 4  
6 1  
Tabl e 4 .  Model eval uat i on data for ener gy use  cycl e I I , 
on asphal t w i th turns using pl ugg ing t o  stop .  
Segment Abbr ev iati on Time , s 
1 .  Moti onl ess w i th PTO/HYD 
motor  ope r at i ng . S ITWPTO . 2 
2 .  Acc e l e r ate to a speed . ACCEL 1 5  
3 .  Ope r ate at a constant 
spee d .  CSPEED 20 
4 .  Coast to a spe ed .  COAST 3 
s .  Ope r ate a t  a const ant 
spe e d .  CSPEED 20  
6 .  Use pl ugg i ng t o  stop . COAST 2 
7 .  Moti onl ess w i th PTO/ HYD 
motor ope r ating . SITWPTO 2 
a .  Mot i onl ess wi thout PTO/ 
HYD motor  ope r at i ng .  SIT 1 0  
9 .  Mot i onl ess  w i th PTO/HYD 
motor ope r at i ng . S ITWPTO ' 2 
10 . Creep f orwa r d  to 
t i ghten l oad c abl e .  CREEP 3 
11 . Acce l e r ate to a speed . ACCEL 1 5  
12 . Ope r ate at a constant 
speed . CSPEED 20  
Total  t ime 1 1 4  
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Tabl e 5 .  Model evaluati on data for  ener gy use cycl e I I I , 
on asphal t w i th turns , co ast ing to  a stop . 
Segment Abb r ev iation Time , s 
1 .  Mot i onl ess  w i th PTO/HYD 
motor ope rating . SITWPTO 2 
2 .  Accel e r ate  to a speed . ACCEL 1 5  
3 .  Oper ate at a constant 
speed . CSPEED 2 0  
4 .  Acc e l e r ate  to  maximum 
speed .  ACCEL 1 0  
5 .  Oper ate  at a constant 
speed . CSPEED 20 
6 .  Coast to a stop . COAST 1 0  
7 .  Mot i onl ess  w i th PTO/ HYD 
motor ope r at i ng .  SITWPTO 2 
8 .  Mot i onless  w i thout PTO/ 
HYD motor  ope r at i ng . S IT 1 0  
9 .  Mot i onl ess  w i th PTO/HYD 
motor ope r at i ng .  SITWPTO 3 
10 . Cr eep f o rward to 
t i ghten l oad c abl e .  CREEP 1 0  
11 . Acc el e r ate  to a speed . ACCEL 1 5  
1 2 . Ope r ate at a constant 
speed . CSPEED 1 5  
Total time 1 3 2  
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Tabl e 6 .  Model evaul ati on data f o r  ene r gy u s e  cycl e IV , 
pul l ing a f eed wagon on gr avel w i th turns . 
1 .  
2 .  
3 .  
4 .  
5 .  
Segment 
Mot ionless  with PTO/HYD 
motor ope r ating . 
Accel e rate  to a speed . 
Ope r ate at a constant 
spe ed . 
Coast to a spe ed .  
Ope r ate  a t  a constant 
spe e d .  
·Abbr ev iati on 





Time , s 
5 
1 5  
2 5  
3 
1 0  
Total time 5 8  
Table  7 .  Model eval uati on data f or ene r gy u s e  cycl e  v, 
unl oading a f eed wagon with the pto on g r av el . 
S egment Abb r ev iat i on Time , s 
1 .  Ope r ate pto at 1 5 0 0  r/min 
to unl oad f eed wagon dur ing 
the ent i r e  cycl e .  PTO 6 0  
2 .  Accelerate  to a speed . ACCEL 1 5  
3 .  Ope r ate at  a constant 
speed .  CSPEED 45 
Total time 6 0  
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RESULTS AND ·DISCU SSION 
Component Tests 
Capac i ty Tes t s  
Ave r age  battery ampe r e-hou r c apac i ty and ene r gy 
capac ity at the s i x-hour  di schar ge r ate  f o r  an ini t i al 
batte ry el ec t rolyte tempe r atur e  of 3 0  deg r ee s  C w e r e  3 6 5 . 5  
Ah and 45 . 4  kWh , r espect ively . These were above the 
capac i ty of 3 4 0  Ah and 4 2 . 2  kWh spec i f i ed by the 
manuf act u r e r  at 25 deg r ees c .  The el ec t r olyte tempe r atur e 
r emained near ly the same dur ing d i schar ge , and spec i f ic 
g r av ity dec reased at a constant r ate . These r esults  were . 
simil ar to r es ul ts obtai ned by othe r  researche r s  ( GBC , 
1 9 8 0 ; Mar s h ,  1 9 8 1 ; Unnewehr and Nasa r , 1 9 8 2  and Vinc ent , 
et al . ,  1 9 8 4 ) . Due to i nstrumentati on pr obl ems , batt ery 
eff i c i ency was not dete rmined . 
The de di scharge cu r rent thr ough the l oad 
res i stor s av e r aged 56 . 6 2 A with a var i ance of 0 . 0 26 and 
56 . 6 0 A w ith a v a r i ance of 0 . 0 3 0  for the f i r st and sec ond 
. capac i ty tes t s , r espect ivel y .  Thi s  d i f f e r ed f rom the 
s i x-hour r ate  of 5 6 . 7  A by 0 . 1 8  pe rcent . The minimum 
cur rent was 5 5 . 8  A ,  and the maximum was 57 . 2  A .  Al though 
55 . 8 A was out s ide the one pe rcent tol e �ance fo r cur r �nt 
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var i at i on dur i ng d i schar ge set by NEMA ( IB-2 , 1 9 7 4 ) , i t  
was t h e  only poi nt outs i de the tol e r ance and occur r ed at 
the end of the second di scha r ge .  These v al ue s i nd i cated 
that the d i schar ges met NEMA requ i r ement s ( IB-2 , 1 97 4 ) for  
a capac i ty test . 
The battery terminal vol tage dec r ea sed s l ow ly for  
the f i r st three hou r s of the di schar ge , then dec r eased 
mo re  r apidly approaching a v ertical l ine at the end of  the 
di scharge ( F i gu r e  9 ) . The vol tage of each c e l l  g roup 
fol l owed a simi l ar curv e .  In one of the •w eake r • cel l 
gr oups , the curve r api dly appr oached a v e r t i cal  l ine at 
the end of the d i schar ge ( F i gu r e  1 0 ) . One cel l in this  
group ( the weake st f ound , F i gu r e  3 )  was as  l ow as 0 . 5  V by 
the end of  the d i schar ge . 
El ect rolyte tempe r atur e remained constant dur ing 
di schar ge . Capa c i ty tests were i ni t i ated b ef o r e  the 
el ect rolyte tempe r atur e r eturned to ambi ent f ol l ow ing 
charging ,  and the r esul ts wer e adj ust ed to a standa rd · 
tempe rat ur e .  The coppe r-constantan thermocoup l e  u s ed to 
meas u r e  tempe ratu r e  was accur ate to one deg r ee C ,  and the 
el ectr olyte tempe r atur e  r a r ely var ied by mo r e  than one 
degr ee C av eraging 3 0  deg r ees C with a var i anc e of 0 . 80 
( F igu r e  1 1 ) . Cel l s  on the out s i de edge of the battery 
tended to  hav e an el ectolyte tempe r atur e one to two 
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pack • . The ambi ent tempe r atur es were 20  to 2 3  deg r ee s  C 
dur ing these tes t s , the r ef o r e , for  the el ect rolyte tem­
pe r at u r e .  to r emain constant , thermal ene r gy must hav e  been 
gene r ated · du r ing the d i scha r ge . When above amb i ent 
tempe rat ur e ,  data i ndi cated that elec t r olyte · t emper atur e 
· decreased at an ave r age· r ate of 0 . 5 degrees C pe r hour . I f  
thi s  r at e  conti nued f or s i x  hour s ,  the tempe r at u r e woul d 
drop three degr ees C ,  so enough heat was gene r ated to  
pr event thi s  t empe r atur e drop . Thi s sug g e s t s  an 
e l ect r olyte tempe r ature  r i se of about three deg r ees  C 
woul d have  r esul ted f rom the di schar ge , if the di scha r ge 
had been started at ambi ent . 
Speci f i c  g r av ity dec reased at a const ant r ate 
dur ing d i schar ge ( F i gu r e  1 2 ) . S ince spec i f ic g r av i ty de- · 
c r eased l inear ly over  the di schar ge ti me , i t  would be a 
good indi cator of SoC f o r  a constant-cur rent di schar ge . 
The de ene r gy and ampe r e- hour s d ischarged in­
c r eased l i nearly as the di schar ge cont inued ( F i gu r es 1 3  · 
and 1 4 ) . The time f o r  both di schar ges aver aged 6 . 4 5 hou r s , 
di f f er ing by · 3 . 3 minut es o r  0 . 8 5  pe rcent . The av er age 
s i x- hou r rate ampe r e� hou r  and ene r gy capac i t i es at  an 
el ect roly te tempe r atur e  of 30 degr ees C were  determined to 
be 36 5 . 5  Ah and 45 . 4  kWh , respect ively . The ampe r e- hour 
capac i ty var i ed by 3 . 0 Ah ( 0 . 8  pe rcent ) , and 
capac i ty var i ed by 0 . 5 kWh ( 1 . 1 pe rcent ) . 
the ene r gy 
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t o  a standar d el ec t rolyte temper atur e o f  2 5 . 0  deg r ee s  C by 
the " one pe r cent r ul e "  ( McKi nney , et al . ,  1 9 8 3 ; H ew i tt and 
B ryant , 1 9 82 ; and Vinal , 1 9 5 5 ) , capac i t i es of 3 47 Ah and 
43 kWh resul ted . These r esul ts  e xceeded the manuf ac tu r e r s  
publ i shed c apac ity spec i f ications of 3 4 0 A h  and 42 . 2  kWh 
at 2 5  deg rees C by 2 . 0 and 1 . 9  pe rcent , respect ively . 
These data on battery capac ity pr ov ided a base f o r  mon­
itor i ng c hanges  in batte ry capac i ty dur ing b atte ry l if e ,  
and showed that specif ic  g r av ity coul d b e  used t o  mon i to r  
SoC dur i ng a constant-cur rent di schar ge . 
Charger  Tes t s  
E l ectr olyte tempe r ature  rose  about 1 0  deg r ees c . 
du r ing charg ing , whil e the spec i f i c  g r av ity r emained 
near ly constant f or the f i r st hal f of the char ge , then 
rapidly rose as t he battery appr oached f u l l  charge .  
Publ i shed r esul ts ( �BC , 1 98 0  and Hornst r a ,  1 9 8 5 ) agr eed 
with the data col l ected for battery terminal vol t age , 
el ectr olyte tempe r atu r e ,  spec i f ic g r av i t"y and ampe r e- hour s 
returned . Battery and charger  ene r gy eff i c i enc i es f ound 
were h i gher  than researche r s  have r epo rted ( Ma r sh , 1 9 81 ; 
GBC , 1 9 8 0  and Schober , 1 9 8 4 ) . No inf ormation f or f er ro­
resonant charg e r s  was ava i l abl e in  the l i t e r atur e con- . 
cerning the r emaining par amete r s  measur ed .  
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The a c  240  vol t ag e  suppl i ed t o  the cha r g e r  f or the 
two charges  ave raged 2 3 7 . 6  V and 23 8 . 7  V w i th a var i ance 
of 3 . 45 and 2 . 3 8 ,  r espectively . The max imum v al ue s  were  
2 41 . 3  V in  both  c ase s ,  and minimum v al ue s  w e r e  2 3 4 . 2  V and 
2 3 5 . 2  v, whic h  means that the constant vol tage output f rom 
the 2 40 ac out l et actual ly var ied with in a smal l r ange . 
The a c  cur r ent dec r eased slowly dur ing the f i r st 
10  hou r s  ( h ) of char ging ,  then dec r eased r api dly for  the 
. next 3 . 5 h ,  and dec r eased sl owly agai n  f o r  t h e  l ast 3 . 5 h 
of char g i ng ( F i gu r e  1 5 ) . The initi al ac cur r ent d r aw was 
about 3 3 . 5  A ,  and dec r eased to about 6 . 4  A .  Du r i ng the 
per iod of r apid  dec r ease , the cur r ent r educed f rom abo ut 
20 A to about 7 . 5  A .  
The de vol tage inc r eased a t  a nea r ly constant r ate
. 
for the f i r st 1 0  h of cha r g ing , then inc r eased r api dly for 
the ne xt 1 . 5 h,  and f i nal ly inc r eased very sl owly for the 
last f iv e  hou r s  ( F i g u r e  16 ) . The vol tage j umped f rom 1 3 0  
V to abo ut 1 3 3  v whil e stab i l i z ing dur ing the f i r st n i ne 
mi nutes of the char g e .  The vol tage of the i ndiv i dual c e l l  
groups f ol l ow ed a simil ar pattern . 
-
The de cur rent curve followed the same pattern  as 
the ac cu r r ent ( F igu r e  1 7 ) . It  began at about 3 5 . 3  A ,  
dec reased to  about 7 . 8 A ,  and dropped about 1 8  A dur ing 
the pe r i od of  r apid decl ine . Four t imes dur ing testing a 
� 
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" spi k e "  t o  - 2 0 . 0  A occu r r ed i n  the de cur r ent data , whi c h  
was attr ibuted to  noi se . Each " spi k e "  datum was co r r ec t ed 
by using  the ave r age cu r rent of the p r ev i ou s  and 
sub sequent datum poi nt s . 
The el ectrolyte temperatu r e  of i nn e r  c el l s  rose  
about 1 0  deg r ee s  C f rom 2 8 . 5  to  3 8 . 5  ( F i gu r e  1 8 )  compa r ed 
to an edge cel l tempe r atur e r i se of about e i ght deg r ees C 
f rom 2 6  to 3 4 . The edge cel l s  have mor e  a r ea exposed f o r  
cool ing , the r ef or e ,  they wer e  i ni t i al ly at a l ower  
tempe r atu r e  and inc reased l ess . The amb i ent tempe r atur e 
remained b etween 2 0  and 23 degrees C dur ing chargi ng . The 
var i ance around the t r end l ine ( F i gu r e  1 8 )  was bel i eved to  
be due to t he one deg ree  C accur acy of the thermocoupl es 
over  such a smal l r ange of tempe r atu r e  and/ o r  noi se in the 
thermocoupl e w i r es due the nearby h i gh vol tage of the 
battery . 
Spe c i f i c gr av ity remained nearly constant dur i ng 
the f i r st hal f of the char ge , rapidly inc r eased to a f ull . 
charge  v al ue dur ing the next 4 . 5  h and r emained about 
constant unt i l  the end of the charge · ( F i gu r e  1 9 ) . Al l 
el ect rolyte remained s t r at if ied unt i l  nea r the end of the 
charge , when the overchar ging of the battery caused 
suf f i c i ent mixing for an accur ate value to be obtained by 
sampl i ng at the top of  the cel l . Specif i c  g r av i ty in one 
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other test c el l  f o r  an unknown r eason , though i t  coul d 
s imply be that one test cel l was a bette r  ( str onge r ) cel l .  
Ac ene rgy , de ene r gy ,  and de ampe r e- ho ur s  al l 
inc reased at a constant r ate f o r  the f i r s t  1 0  hou r s  of  
char ging and i nc r eas ed at a r educed r at e  f or the r emainde r 
of the c ha r ge ( F i gu r es 2 0  and 2 1 ) . De ene rgy was 
cal cul ated by assuming that de cur r ent and vol tage we r e  
sampl ed at  t h e  same time , when actual ly , they we r e  sampled 
about one second apa r t . If the el ec t r ical ene r gy to t he 
battery was pur e  de , thi s  would not be a pr ob l em ,  but the 
de vol tage d i spl ayed a backgr ound wav ef o rm ( F i gu r e  2 2 ) . A 
s imil ar wav ef o rm was present behind the de cur r ent . 
Ther efo r e , de ene r gy to the battery was an est imated 
pa ramete r .  Since thi s wav ef orm had an ampl i tude of only 
three vol ts , whi c h  was smal l compa r ed to the  de vol tage 
range of 1 3 0  to 1 6 0  v ,  the de curves du r i ng char g i ng were 
cons i de r ed t o  be  acc u r ate w i thin f ive per cent . 
The time of charger ope r at i on var i ed by 1 8  mi n o r  
1 . 8 pe r cent f rom 1 6 . 7  t o  1 7 . 0  h .  The ave r age charger  
ene rgy ef f i c i ency was 9 5 . 2  pe rcent for  the  wee k ly charge 
mode on a 1 0 0  pe rcent di scharged batte ry as cal cul ated 
using the f ol low i ng equat i on :  
r. :a: .:¥. 
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EFF= ( DCE/ACE ) * l O O  
whe r e : EFF=ef f i c incy , pe r cent 
DCE= total de ene r gy to battery , kWh 
ACE= total ac ene r gy to charge r , kWh 
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Thi s  was f iv e  t o  t en pe rcent higher than e xpec t ed . An 
averag e  batt ery ene r gy ef f ic i ency of 7 9 . 6  pe r c ent f or the 
two charge/di schar ge cycl es was cal cul ated u s ing the 
fol l owing equat i on :  
EFF= ( DCD/DCE ) *l O O  
wher e :  DCD=tot al de ene r gy di sc har ged f rom battery , kWh 
Thi s was f iv e  per cent h i gher than e xpec t ed . 
Two f actor s bel ieved to cause the h igh char ger  and 
battery ener gy eff ic i enc ies  were : ( 1 ) the a c  r ippl e i n  the 
de vol tage and cu r r ent to t he battery , whi ch caused t he de 
ene rgy val ue to be  in e r ror  and ( 2 ) the ac power 
. transduc e r  was unabl e to measur e  the ac pow e r  harmoni cs  
( Reese , 1 9 8 3 ) , whi ch caused the cal cul ated ac ene r gy to  
the charger  to be  i n  e r ro r . These measur ement s  could be  
chec k ed u s i ng power  met e r s  t o  t ak e  instantatieous power  
8 6  
readings , and by cal cul at ing the ef f ic i ency f rom the 
i nstantaneous power . Due to time const r aints  t h i s  was not 
attempted . 
The charger  tests dete rmined the c har g i ng pr of i l e  
o f  t h e  f er ror esonant char ger and i nd icated t h a t  a 1 0  
degrees  C tempe rat u r e  r i se coul d be e xpected du r ing 
char ge . They al so demonstr ated that , due to  sl ow response 
time ,  spe c i f ic g r av ity measur ements coul d not be used to 
indi cate the amount of char ge r eturned to  the batte ry . 
Thi s  i nformat i on was helpf ul dur ing f i el d  t e s t s  when 
t ry ing to determine , if the battery was f ul ly char ged 
af ter a pe r i od on-char ge . 
Vehicle Tests 
Loader Test s 
The loader  tests ev al uated the ef f ect of 
tempe r atur e ,  load , motor speed and DOD on the c u r r ent 
r equ i r ed by the PTO/HYD motor .  Cu r rent , r ather  than 
power , was used as the dependent var i able  because cur rent 
was e a s i e r  to measur e and i s  di rectly rel ated to power . To 
obtai n mo r e  deg r ees  of f reedom f o r  stat i s t i cal  analyses , 
eac h s i x-second test was div ided into three sub s ets . Each 
subset  conta i ne d  s i x  val ues of cu r rent and vol tage . F ive 
8 7  
o f  these v al ue s were r andomly sel ected and u sed to 
calcul at e  mean cur rent and vol tage . The data contained 
scattered spu r ious r ead ings of 1 0 , 0 0 0  bi l l ion A and 0 v ,  
whi ch were r ej ected as phy si cal ly impo s s i bl e  becau s e  they 
were out of the fol l ow ing pl aus i bl e  r anges : ( 1 )  0 to 1 0 0 0  
A and ( 2 )  5 0  t o  2 0 0  v .  
The analys i s  of  v a r i ance was conduct ed t h r ee times 
with d i f f e r ent tempe rature groupings each t ime . All four  
tempe r at u r es were  conside r ed separ ately , s i mi l a r  battery 
tempe rat u r es ( pl us or minus f our  degr ees  C)  were 
con s i de r ed t ogether and s imi lar  env i ronment t emper atur es 
( pl us o r  minus 6 . 5  deg rees C )  were  cons i de r ed togethe r . 
Inc r easing the l oad f rom ope r at ing the hyd r aul ic  
pump t o  l if ti ng 4 . 2 7 kN  in the  l oade r i nc r ea s ed cur r ent. 
requi r ed by 8 0  to 1 0 0  pe rcent . Inc r easing moto r speed f r om 
8 0 0  to 1 5 0 0  r/min i nc r eased c u r r ent r equi r ed by 1 0 0  to 1 2 0 
per cent . Ambi ent t empe r atur es inc r easing f rom 3 to 2 4  
degrees  C dec r ea�ed cur r ent requ i r ed 2 0  t o  3 0  pe r cent . 
These eff ec t s  were s i gni f icant at the 0 . 0 5  l evel  when 
simi l ar env i ronment al tempe r atur es we r e  cons i de r ed 
-
together .  DOD di spl ayed no di sce rnibl e t r ends whil e 
int e r acti ng w i t h  al l other var iabl es . Al l pos s i b l e  
var i abl e int e r ac t i ons had a s i gnif icant ef f ect ( 0 . 0 5 
lev el ) on the cur rent r equi r ed .  
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Resu l ts f rom a compa r i son of  t h e  analysi s of 
var iance outcome f or each di fferent temper atur e g r ouping 
suggested that temper atur es bel ow 10 degr ee s  C af f ect 
t r actor components r ather than the battery . Du r i ng the 
test conducted w ith an amb ient temper at u r e  of f iv e  deg r ees 
C and an el ectrolyte tempe r atur e of 30 degr ee s  C ,  the 
el ect r o lyte tempe r atur e remained near 30 degr e e s  C due to 
the di scharge ener gy inef f iciency . Howev e r , the hydr au l i c  
system tempe r atur e ,  or i ginal ly at 3 0  deg r ee s  C ,  rapidly 
dropped towar d ambi ent dur ing the test . If the 
tempe r at u r e  eff ect was due to the . change in e l ec t rolyte 
tempe r atu r e , the analysi s of  v ar i ance with the same 
batte ry tempe r atur es together shoul d hav e  shown a 
s i gnif i cant ef f ect due to temperatur e ,  but thi s d i d  not 
happen . Instead , the analysi s wi th s imil a r  env i ronment 
tempe r at u r es gr oupe d together demonst r ated a s i gn i f icant 
eff ect f o r  tempe r atur e .  Thi s  result suggested that the 
cold weather af f ected the hydr aul ics  r ather than the 
battery . su�j ectiv e assessment of the v ehi c l e  dur ing 
tests showed · a somewhat noi ser and · sti f f e r  hyd r aul ic 
system dur i ng col d  weather . Earl ier  test r esults  ( Vi k , 
1 9 8 5 ) sugge sted that co ld weather af f ected the gear train 
mor e  than the batt ery . 
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Two impor tant r e'sul ts were obta i ned f rom thi s  
testing : ( 1 )  DOD al one d i d  not s i gni f icantly af f ect  the 
cu r rent r equi red and ( 2 )  a dec rease i n  amb i ent temper atur e 
s i gn i f i cantly inc r eased the cur r ent r equi r ed .  Th� f i r st 
resul t i ndi cated that at l ow power and SoC l ev el s ,  the 
battery was abl e to prov i de the power  needed w ithout 
inc r ea si ng the cur rent f l ow a si gn i f i cant amount . Thi s  
suggested that the eff ect of DOD on pe r f o rmance a t  l ow 
power l evel s can be negl ected as l ong as DOD i s  betw een 0 
and 8 0  pe r cent . The second r es ul t  i ndi cated that , not 
only was capac i ty l ower ed at dec reased tempe r atur es , but 
the power  requi r ed · was inc r eased . Thi s powe r  i nc r ease 
appea r ed to be caused by tempe r atur e eff ect s on t he 
vehicl e components , rather than by tempe r atur e eff ects  on 
the batte ry . 
Pto Tests 
The most pto power availabl e on a cont inuou s bas i s  
was 17 . 5  kW and occu r red when the hyd r aul i c  pump w as not 
connected and the f eedback sy stem was swi tched on ( Tabl e  
8 ) . Thi s  combi nat i on was the most ef f ic i ent a t  8 0  pe r cent 
instantaneous ef f ic i ency calcul ated as f ol l ows : 
EFF=' ( PP/BP)  * 1 0 0  
wher e : EFF=ef f i c i ency , pe r cent 
PP= instantaneous pto pow e r , kW 
BP= instantaneous batt e ry pow e r , kW 
9 0  
Ope rat i ng the PTO/HYD moto r wi thout the hyd r aul ic  pump 
connected inc r eased power f rom 1 2 . 2  to 1 7 . 5  kW and 1 1 . 4  to 
1 5 . 6  kW with and wi thout f eedbac k , r e spect ively . 
Appar ently four to f ive kW were  wasted pumping hydr aul ic 
o i l  past the pr essu r e  r el ief v al ve .  I f  the pto and 
hydraul i c  pump were  ope r ated by separ ate moto r s ,  a power 
inc rease of 30  to 4 0  percent with an ef f ic i ency incr ease 
of four to ten pe rcent woul d be ava i l abl e at  the pto power 
shaf t u s i ng the same s i z e motor . To rque v a r i ance was l ess 
when· the hydr aul ic  pump was not connected , whi c h  i nd icated 
that a steadi e r  output power was then ava i l abl e .  The 
steadi er , inc r eas�d power availab l e  wi thout the hyd r au l i c  
pump suggested that the opt i on of sepa rate moto r s  f or the 
pto and hydr aul i c  sy stems would r esul t in a mo r e  ene r gy 
ef f ic ient veh i cl e .  
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Tabl e 8 .  Pto motor , dynamometer . test max imums with hyd r aul ics  connected and di sconnec t ed .  
Par amete r s  Test 1 Test 2 Test 3 Te st 4 
Pto power , kW 1 1 . 4  1 2 . 2  1 5 . 6  1 7 . 5 
Battery power , kW 1 7 . 2  1 9 . 6  2 0 . 0  2 1 . 8 
Eff i c i ency , % 6 8 . 2  77 . 2  7 8 . 6  8 0 . 6 
Torque , Nm 2 1 1 . 1  1 9 7 . 1 2 7 6 . 3  2 9 1 . 3 
Pto speed , r/min 5 3 8 . 5  6 0 0 . 9  5 41 . 1  5 7 3 . 2 
Current , A 1 3 7 . 1  1 5 5 . 6  1 6 1 . 6  1 7 7 . 5  
Ope r at i on t ime , min 1 5 0 . 0  1 0 4 . 0  1 1 4 . 0  8 7 . 0  
1Test 1 was w it h  hyd r aul ic pump and wi thout f eedbac k . 
Test 2 was w i th hydraul ic pump and with f eedbac k . 
Test 3 was w i thout hydr aul ic  pump and without f eedbac k . 
Test 4 was wi thout hydraul ic pump and with f eedbac k . 
The motor  speed cont r ol leve r had t o  be  s e t  h i g he r 
to obtain  the same power setting dur ing tho se t e s t s w i th 
feedback contr o l . Pto speed 
dur i ng 
stabl e 
these 
at 5 0 0  
test s because 




were unattai nabl e .  A possible 
hi gher than 5 4 0  r/mi n 
speed woul d e i t he r  be 
and poi nt s  b etwe en 
expl anati on f o r t hi S 
phenomena was pr ov ided by the cont roll er  de s i gn ( Hel d e r , 
198 5 ) . The sil icon-cont rolled- rect i f i er ( SC R ) t h at 
cont r ol s cu r r ent f l ow becomes satur ated at 9 5  pe r ce nt o f 
maximum cur rent flow ,  beyond which by-pas s  c onnec t o r s  
engage all owing f ull cu r r ent flow .  There  a r e 
no 
intermedi ate  setti ngs 
f l ow with thi s de s i gn . 
by-pass mode db r i ng 
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between 9 5  t o  1 0 0  pe r cent cur r ent 
Speed cont r ol was noted to be in 
one of the two test s  w ith f eedbac k . 
The pto speed and motor cur r ent suddenly dec r eased 
about f iv e  m inutes i nt o  the test wi thout hyd r aul ics  and 
with f eedbac k , and · j ust as suddenly incr eased bac k to 
thei r f ormer l evel s about 20 min l ater even t hough the 
speed cont rol  r emained in the same pos i t ion . The only 
sati sfactory expl anati on was that the f e edbac k cont r ol , 
whi ch had not b een tested at high pto speeds and l oads , 
was mal f unc ti oni ng . Due to these probl ems , the test s with 
and w i thout f eedback were not compa r abl e .  
C u r r ent s uddenly dec r eased 6 0  minut es  into the 
test bef ore  stabil i z ing at 7 0  A i n  both tests w ithout 
f eedbac k cont r ol ( F i gu r e  2 3 ) . A postul ated e xpl anation 
was that the SCR reduced the cur r ent f l ow to prevent 
cont r o l l e r  ove rheat ing , which was suppo r ted by the amount 
of heat emanating f rom the SCR . To chec k  thi s 
expl ana t i on ,  the test without hyd r aul ics  and w i thout 
f eedback was · r epeated with a fan cool·ing the SCR . The 
cur r ent cont i nued a steady , sl ow decl ine w i th no � api d 
decl ine , pr ov iding ev idence  suppo rting thi s  e xpl anat i on .  
Theref o r e , the SCR must b e  k ept cool i f  cont inuous pto 
ope rati on at a power l evel near by-pass mode i s  desi r ed .  
� 
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Battery capac ity · al lowed 8 7  min of  pto ope r at ion 
at max imum cont inuous power output ( Tabl e 8 ) . Output 
power decl i ned s l owly dur ing the test f rom a maximum of 
1 7 . 5  kW to 1 2 . 0  kW with an average of 1 4 . 7  kW ( F i gu r e  2 4 ) . 
Eff ic iency decl i ned sl owly f rom 8 0 . 6  to 6 8 . 7  pe r cent w i th 
an av er age of 7 6 . 4  pe r cent ( F i gu re 2 5 ) . The l ower  
ser ies-wound de  motor ef f iciency at  l ow e r  spe ed s  (Vi k , 
1 98 5 ) caused the eff i c i ency decl ine . At thi s h i gh powe r  
drai n ,  the battery vol tage decl ined steadi ly ( F i gu r e  2 6 ) , 
and batte ry cur rent r educed slowly ( F i gu r e  27 ) caus ing the 
power output to dec r ease . El ect rolyte tempe r ature  
i nc r ea se d  8 deg r ee s  C du r i ng thi s  test ( F i gu r e  2 8 ) , which 
ind i cated that on a hot day the maximum el ect r olyte 
tempe r at u r e  of 46 degrees c ( GBC , 1 9 80 ) coul d be exceeded � . 
Al l maximum conti nuous power test s fol l owed a similar  
pattern . F r om these data , it was concl uded that EC-I  
prov ide s a useful  source of constant pto pow er  of 
approximately 1 2  kW for  1 . 5 to 2 . 0 h .  
EC- I _ can del iv er  a maximum o f  1 9 . 2  kW o f  pt o power 
for  nine minutes due to the ab i l i ty of el ect r ic mot o r s  to 
del iv e r  hi gher than r ated power  for  sho r t  pe r i ods . A 
power v er sus time curve was devel oped f or the PTO/HYD 
motor wi thout hydr aul i cs connected . When attempt ing to 
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1 0 0  
cool ing phase w i th the .fan o n  was t oo short . The motor 
tempe r at u r e  d i d  not cool to amb i ent dur ing the 9 0  min 
cool ing phase , so the motor woul d ope r ate s ubs equently for  
a shor ter pe r i od at a r educed power l evel . 
Data def ining the power versus  t ime c u rv e  were 
obtai ned f rom max imum continuous power  tes t s , whi ch wer e 
abor ted when the power l ev el was set too h i gh resul t ing in  
motor shutdown due  to  thermal overl oad . The PTO/HYD moto r 
started at amb i ent temperatur e ,  and ope r ated at  a certain  
power l ev el unt i l  the  thermal overload sw i tch shutdown the 
motor . The maximum power av ailabl e ,  whi c h  was set by the 
cont r o l l e r  l imit  of 2 0 0  A to the PTO/HYD moto r , was 1 9 . 2  
kW f o r  n i ne minut e s . The ope r at i on t i me i nc r eased as the 
power  dec r ea·sed unt i l  the maximum cont i nuous power  l evel 
of 1 7 . 5  kW was r eached ( F i gu r e  2 9 ) . Thes e  data i nd i cated 
that the i nc r eased pto power avai l ab i l i ty for  sho r t  
pe r i ods w i l l  be of benef i t  only if  t h e  the rmal ove rl oad 
does not shut down the motor . If  the the rmal overl oa� 
switch i s  act iv ated , the operator must w a i t  f o r  the mot or 
to cool , and thermal overload w i l l  stop the motor  agai n  i f  
the same ope r at i on i s  cont inued . 
Maximum power  availab l e  at 80  pe r c ent DOD was 1 4  
kW compa r ed to 1 9 . 2  kW av ail abl e at z ero  pe rc ent · ooD . 
Power output decl ine resulted f rom the cu r r ent l imi t 
imposed on the PTO/HYD motor by the cont r ol le r  and the 
X � 
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1 0 2  
reduced battery vol tage a t  high DOD . These data were  
obtained w i thout hyd r aul ics connected by sett i ng the speed 
cont r ol at f ui l  speed at inc r easing DODs and l oading the 
pto unt i l  5 4 0  r/min  were r eached . The max imum power 
remai ned at 1 9 . 2  kW unt i l  30 pe rcent DOD , whe r e it began a 
rapid dec l ine ( F i gu r e  3 0 ) . Practi cal i mpl i c a t i on to the 
use r i s  that if a task is begun which req u i r es peak  power , 
the du r at i on o f  the task must be short  b ecaus e the pea k  
powe r  output o f  t h e  t r actor decl ines as  DOD i nc r eases . 
Maximum conti nuous pto power  w i th f eedbac k was 
17 . 5  kW and 1 2 . 2  kW w i th and w i thout the hydr aul ic  pump 
connected , respect ivel y .  The data i nd i ca ted a l oss of 
four to f iv e  kW in  the hydr au l i cs which s ugges t s  that 
separ ate motor s f o r  the hydraul ics and the pto a r e  mor� 
des i rabl e .  Potenti al probl ems f o r  on- f arm pto use a t  h i gh 
power l ev el s  noted w e r e : ( 1 ) SCR overheating , ( 2 ) battery 
el ect roly te ov erheati ng , ( 3 )  poss ibl e mot o r  shut down due 
to thermal ove r l oad if a task demands a h i gh pow e r  l ev el , 
and ( 4 ) r �duc ed powe r  avai labl e at h i gh DOD . These 
potent i al probl ems can be avo i ded i f . the pto is used f or 
tas k s  r equ i r i ng l ow power  l evel s  and int e rmittent duty . 
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Draf t  Test s 
The max imum drawbar power on a sphal t at z ero pe r­
cent DOD was 2 9 . 0 0 , 3 1 . 6 4 ,  and - 3 4 . 7 3  kW in f i r st ,  second , 
and thi r d  gear , r espect ivel y .  On mud , max imum · d r awbar 
power  was r educed 33  to SO pe rcent i n  eac h  gea r . Tests on 
wet s o i l  r equi r ed 8 . 6 8  kW of inc r eased battery pow e r  com­
par ed to asphal t .  Forward t i r e  tr ead dec r eased battery 
power r eq u i r ed 2 . 6 5 kW compa red to r ev e r s e  ti r e  t r ead . 
D r awbar power was cal culated u sing  the  f ol l owing 
equat i on : 
DBP=DBD*VA 
whe r e : DBP=aver age drawba r  power ove r  cour se , kW 
DBD=aver age drawbar draf t  ove r  cour se , kN 
VA= ave rage timed vel oc i ty ove r  cou r se , m/ s 
VA=9 1/TT 
whe r e : TT=time to t r av e r se the cour s e ,  s 
va r i ance of d r awbar d r af t  for  a test on a sphal t w as about 
one to f iv e  per cent of the mean val ue with  the maximum and 
minimum val ues w i th i n  pl us o r  minus 4 to 1 0  pe r cent of the 
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mean . Thi s  was sl i ghtly greater than the pl us o r  minus 
one pe rcent typ ical ly achi eved at the Nebraska  t r actor 
test cou r se ( Sampson , 1 9 8 5 ) . Var i ance of  the d r awbar 
draf t  f or a test on soi l  was about 20 to 3 0  pe r cent of the 
mean val ue w i th the maximum and minimum v al ue s. w ithin pl us 
or minus 2 0  to SO  percent of the mean , whi ch · was 
cons i stent w ith values  other r es earcher s  h av e  obtained 
( Stange , et al . ,  _ 1 9 8 2  and Bandy , et al . ,  1 9 8 5 ) . 
Eff i c i ency was def ined as : 
EFF = ( DBP/ABP) * l O O  
wher e :  EFF=eff i c i ency , percent 
ABP= aver age batt�ry powe r  ov er  cour s e , kW 
Battery power  was f ound by mul tipl ing b atte ry c u r r ent and 
vol tage together , s ince the battery was a de sourc e : 
AB P= ( Cl *Vl ) / 1 0 0 0  
wher e :  Cl=av e r age battery cu r r ent ove r  cou r se ,  A­
Vl =aver age battery vol tage ove r  cou r se , V 
S l i p  was cal cul ated using the f ol l ow ing equation : 
SL�l - ( VA/VT) 
whe r e : SL= aver age sl i p  over cou r s e , per cent 
VT= theo retical veloc ity ove r  cour s e , m/ s  
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Theor eti cal vel oc i ty was calculated f rom the number  of 
wheel revol ut i ons , the ave r age rol l ing r ad i u s  of the f our 
wheel s and the time to cover the cou r s e : 
VT= ( NR*RR) /TT 
wher e : NR=number of wheel revol ut ions , dimensi onl e s s  
RR=av e r age rol l i ng radius of the f ou r  wheel s ,  m 
RR= 3 . 4 6 m 
The numb e r  of wheel revol utions was cal cu l ated f rom 
tract i on motor rotational speed measur ed by the tachometer 
in EC- I , gear r educ t i on and time to t r av e r s e  the cour se : . 
NR= ( RPM*TT ) / ( GR*6 0 ) 
wher e :  RPM= rotat ional spe ed of tract ion moto r , r/min 
GR=gear r eduction f rom tract ion motor  to wheel , 
dimens ionl ess 
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An acc u r acy pr obl �m was encounte r ed w i th the sl ip 
measur ements .  At l ow loads , the sl ip was c al cul ated to be 
negativ e which i s  physical ly imposs i bl e .  Two pos s i bl e  
pr obl ems· were  i dent i f i ed :  ( 1 ) the time f o r  t r av e r s i ng the 
cour se was low and/or { 2 ) the EC-I tachomet e r  rotati onal 
speed meas u r ement was l ow .  A second pe r son t imed a number 
of  cou r s e  trav e r ses to check the f i r st probl em , and the 
two t i me s  were  always within one pe rcent so the  times were 
cons ider ed accu r ate . The second problem was c hec ked using 
a handhel d tachometer accurate to pl us  o r  minus one 
revolut i on pe r minut e .  The tachometer in  EC- I  w as f ound to 
read l ow ,  and a l inear regression of handhel d tachomete r 
val ues v e r su s  EC-I tachometer val ues { R2 =0 . 9 9 9 )  was used 
to cor r ect the EC- I tachometer  readings : 
ADJT=0 . 9 86 *TACH+41 . 5 91  
whe r e : ADJT=adj usted tachometer r ead i ng , r/min 
TACH=or iginal tachomete r reading , r/min 
Howev e r , the adj usted tachomete r read ings st i l l  resulted 
in a negative sl ip at l ight loads . It  was f e l t  that the 
sl ip val ues coul d be compa red w ith each other , but all  
tended to be f our to f ive per cent low based  on the most 
negative sl ip val ue of -4 . 8 3  pe rcent . A j �dgement was . 
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made , ther ef?re , that f iv�  pe rcent should  be  added t o  each 
sl ip val ue to obtai n  a mor e accur ate val ue . 1 Acc u r ate  sl ip 
val ues w e r e  conside r ed l ess important than o the r test ing 
aspect s �  so no f urther attempt was made to obtain mor e  
accu r ate v al ues . 
Max imum drawba r  power on asphal t was 3 4 . 7 3  kW in 
thi rd gear  with 6 . 47 pe rcent sl ip and an eff ic i ency of 
5 9 . 9  pe r c ent ( Tab l e  9 ) . Al though the d r awba r pul l  
inc rease d , maximum power and eff i c i ency dec r eased with 
gear reduc t i ons due to l ower gear box eff i c i ency at 
g r eate r gear  reduct ions . As torque inc r eased i n  low 
gear s ,  motor spe ed dec r eased c ausing ef f ic i ency to 
decl i ne , whi ch i s  typical of a ser i es-wound de motor  ( Vi k , 
1 9 8 5 ) . Sl i p  incr eased as the drawbar pul l  i nc r eased . 
!The sl ip v al ue s  r epo rted are the actual sl ip val ue s 
obt ained , and it  i s  l ef t  to the r eade r s  to adj ust the 
sl ip values  as they see f it .  
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Tab l e  9 .  Maximum drawbar power1 at z ero pe rcent DOD f o r  each g e a r  o n  asphal t .  . 
Gear Power ,  kW 
2 9 . 0 0 
3 1 . 6 4 
3 4 . 7 3  
Pul l , kN 
3 6 . 0  
3 3 . 2  
1 6 . 1  
Ef f ic i ency , % 
6 5 . 8  
5 4 . 3  
5 9 . 9  
S l i p ,  % 
1 3 . 4 0 
1 0 . 0 5 
6 . 4 7 
�Ave r age o f  two tests . 
Power  was l imi ted by t r an smission max imum de s i gn l oad 
3 c wal ke r , 1 9 8 5 ) . Ave r age of th r ee tests . 
Maximum d r awbar power  on wet so i l  w as 2 3 . 7 0  kW in  
thi r d  gear w i th 9 . 5 7  pe rcent sl ip and an e f f i c i ency of  
4 4 . 8  pe r cent ( Tabl e 1 0 ) . The greatest pul l  was  2 2 . 7  kN , 
s ince the exc ess iv e  sl ip in  f i r st gear pr evented a l ar ge r  
pul l  f rom being dev el oped . �he soi l  cone i ndex i n  the 0 
to 4 9  cent imete r ( em)  depth range av e raged 17 . 8  and 28 .-� 
k i l opascal s ( kP a )  for  undi sturbed soil  and f o r  soi l  in the 
wheel tr ack , respect ively . An e r ror  whi l e  wei ghi ng soi l 
sampl es , pr ev ented the dete rminat ion of moi st u r e  content . 
The max imum drawbar power on a wet soi l s u r f ace fol lows 
the same pattern as  on asphal t ,  but .at a l ow e r  l ev el . 
1 1 0  





. Power , kW 
1 3 . 6 3 
2 1 . 0 3 
2 3 . 7 0  
Pul l , kN 
2 0 . 0  
2 2 . 7  
1 1 . 4  
1Average of two test s . 
Ef f ic i ency , % 
41 . 4  
40 . 1  
4 4 . 8  
Sl i p ,  % 
6 8 . 0 6 
3 2 . 7 6  
9 . 57 
Max imum dr awbar power of 3 1 . 3  kW was obtained at a 
speed of 1 . 7 m( s  { F i gu r e  3 1 ) . I t  was not dete rmined i f  
the d r awbar pow e r  cu rv e decl ined af te r reaching a peak due 
to batte ry DOD { d r awbar power and DOD inc r eased together 
for the f o l l ow ed pr ocedu r e )  or  as a natur al i nt e r ac t i on 
between inc reas i ng d r awbar pul l  and dec r ea s i ng spe ed . 
These tests were conducted with the spe ed cont rol at 
maximum , so battery DOD coul d be expected to af f ect 
resul ts . When two r epeats were pe r f o rmed at max imum 
drawbar  powe r  beginning at z ero percent DOD , the second · 
r epeat alway s  dev el oped l ess power , whi ch i nd i cated that 
battery DoD ·was hav ing an ef fect . Af te r r each ing a peak 
of 76 pe r cent at 2 . 5 ·m/s in second gea r , ef f i c i ency 
dec reased as speed dec reased { F i gu r e  3 1 )  because 
ser i e s-wound de moto r s  are l ess eff ic i ent at lower  speeds 
{Vi k ,  1 98 5 ) . F i r st and thi rd gear d r awbar  pow e r  on 
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m/ s ,  respectively . F i r st and thi rd gea r ef f ic i ency on 
asphal t peaked at 7 5  pe rcent at 1 . 2 m/s and 7 3  pe r cent at 
3 . 6 m/ s .  Drawbar power  and eff ici ency ver su s  speed curves 
in  f i r st and thi rd gear were simi l a r  to second gear . 
On dry so i l , the drawbar powe r c u rve was · simil ar 
to that on asphal t w i th a peak power  of 2 3 . 2  kW at 1 . 3 m/ s  
( F i gu r e  3 2 ) . The eff i c i ency was l ess than 1 0  pe rcent for  
drawbar power l ess than f iv e  kW , but i nc r eased to  
approximately 5 0  pe rcent when drawbar pow e r  was above f ive 
kW ( F i gu r e  3 2 ) . The eff i c i ency was thought to be  so low 
at l ow d r awbar power  on soi l  becaus e  nea rl y  al l the power 
requ i red f rom the batte ry was used to dr ive the t r actor , 
s i nce i t  was pul l ing l ess than one kN . The eff ic i ency 
curve on d ry soi l  inc r eased to a peak of 5 6  pe r cent at 1 . 6 
m/ s  then dec r ea sed w i th speed ,  simil ar to the  asphal t 
ef f i c i ency curv e .  Ef f i c iency val ues w e r e  1 0  t o  1 5  pe r cent 
lower on so il  due to the i nc r eased s l i p .  
Cu r rent requ i red inc reased l i nea r l y  a s  the d r awbar 
pul l  inc r eased f or second gear on asphal t ( F i gu r e  3 3 ) . 
Simi l ar curves were  devel oped for  second gear on so il  and 
f or f i r st and thi r d  gea r s  on asphal t .  By extrapol ating 
the f i r st gear l inear rel at ionship b eyond the maximum 
transmi ss i on l oad , 5 3 . 4  kN was obtained as the maximum 
drawbar pul l  the de motor-batte ry comb i nat ion could 
3: � 
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achi ev e .  Howev e r , the co r responding d r awbar pow e r  cannot 
be  spe c i f i ed because speed dec reased as  the l oad 
inc reased . 
The eff ect of soi l  surf ac e s  and ti r e  t r ead 
d i rec t i on on battery power r equi r ed ,  eff i ci ency and sl ip 
was dete rmined u s i ng mul ti pl e  r eg r es s i on model s w i th dummy 
var i abl es . None of the par amete r s  o f  i nt e r est r emained 
constant as the sur f ace and ti r e  tr ead di r ec t i on changed , 
even though the throttl e sett ing of the l oad t r actor  was 
k ept the same . The mul tipl e r egr ess i on t echnique was used 
because i t  d i d  not r equi r e  a constant par amete r . Battery 
power and ef f ic i ency were consi de r ed to be  depe ndent on 
l oad , spe ed , sl i p  and surface or  t r ead d i r ec t i on , whil e  
sl i p  was cons i de r ed t o  b e  dependent on l oad , speed and 
surface or tr ead di rection . A s tepw i se mul tipl e  
regr ess i on was pe r f o rmed , and the r educed model F -test was 
conducted to  determine the most s igni f icant model . 
Soi l  surfaces and r everse  t i r e  t read i ncr eased· 
batte ry pow e r  requi red 3 . 1 2  to 8 . 6 8  kW and 2 . 6 5  kW, 
respectively , compa red to an asphal t . sur f ace  and forward 
ti re  tread d i rect ion .  Soi l  sur f aces dec r eased ef f ic i ency 
5 . 5 4  to 2 5 . 91 pe r cent compa r ed to an a sphal t sur f ace 
( Tabl e 1 1 ) . R- squared val ue s for  these  model s r anged f rom 
0 . 6 5 4  to 0 . 9 9 9 . These r esults showed that batt e ry power 
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requi red  i nc r eased and . eff i c i ency dec r eased as  the 
standardi z ed test ing surface changed to a typical 
ope r at i ng surf ace . 
Tabl e 1 1 . Mul ti pl e · r egression equati on s  demonst r at i ng 
surface and ti r e  t read d i r ec t i on ef f ects on 
batte ry power  r equ i r ed ,  ef f ic iency and sl ip.  
Dry soi l ver sus asphal t in second gear 
BP= 0 . 7 2 *L-5 . 9 7 *GS+37 . 6 8 
EFF=-1 . 7 9 *L+3 . 0 9 *SL-2 5 . 9l *SU1 + 8 2 . 1 6  
SL=-5 . 3 7 *G S+l 5 . 1 3  
Variabl e2 
Battery powe r  ( BP ) , kW 
Ef f ic i ency ( EFF ) , per cent 
Load ( L ) , kN -
S l i p  ( SL ) , pe r cent 
Spe ed , ( GS ) , m/ s  
Minimum 
1 9 . 9 8 
4 6 . 40 
3 . 6 1 
- 3 . 3 1 
1 . 0 9  
R2 
0 . 9 7 5  
0 . 8 96  
0 . 9 3 2  
Maximum 
47 . 7 8  
7 5 . 5 0 
2 5 . 1 2  
1 0 . 3 7 
3 . 4 3 
Moi st so i l  ver sus  asphal t in  thi r d  gear R2 
BP=l . 0 4 *L-1 2 . 4 2 *GS-0 . 9 2 * SL+3 . 1 2 *SU1 +7 4 . 7 8  0 . 9 8 8  
EFF=0 . 5 l �L-2 . 4 3 *SL-1 2 . 4l *SU1 +6 8 . 2 3 0 . 9 80 
SL=-0 . 3 3 *L-6 . 6 8 *GS-1 . 5 5 *SU1 +2 6 . 4 5 0 . 9 3 5  
variable2 
Battery power ,  kW 
Eff i ci ency , pe rcent 
Load , kN 
Sl i p ,  pe r cent 
Speed , m/ s  
Minimum 
46 . 1 1 
46 . 9 0 
7 . 8 4 
2 . 9 1  
2 . 0 6 
Maximum 
6 2 . 57 
6 8 . 0 0 
1 6 . 7 1  
7 . 2 4  
2 . 9 9 
Tabl e  1 1 . { cont i nue d )  
Forward  versus  r ev e r se ti r e  tr ead in  thi rd gear 
BP=l . 0 6 *L-8 . 1 5 *G S-2 . 6 5 *TD3+6 2 . 9 0 
EFF=l . 0 4 *L+l 0 . 66 *GS+l 2 . 2 8 
SL=- 4 . 1 6 *GS+l 5 . 0 7 
Variable2 
Batte ry powe r ,  kW 
Ef f i c i ency , pe rcent 
Load , kN 
Sl i p ,  pe r cent 
Speed , m/ s  
Minimum 
4 4 . 7 3  
4 6 . 40 
7 . 4 0  
1 . 9 9  
2 . 0 6  
1 1 8  
R2 
0 . 9 82 
0 . 6 5 4  
0 . 8 1 5 
Maximum 
6 2 . 57 
5 2 . 2 0 
1 4 . 43 
6 . 81 
2 . 9 1 
1 su=1 when the sur face i s  soi l . SU= O  when the  s u r f ac e  i s  
asphal t .  
2These were the r anges of the var i abl es u s ed t o  obtain the 
mul t i pl e  r eg re s s i on model . 
3TD=1 when f o rw a r d  t i r e  tr ead di r ecti on was used . TD=O  
when r ev e r se ti r e  tr ead di r ect i on was us ed .  
Rol l i ng r e s i stance of EC-I ave r aged 2 . 0 6 k N  for 
three tr i ps over " the asphal t test cou r se at an ave rage 
speed of 1 . 9 2 m/ s  compar ed to 1 . 9 9  kN f o r  thr ee tr ips at 
1 . 47 m/ s .  The r ef or e ,  the mean r ol l ing r e s i stance on 
asphal t was 2 . 0 3 kN. Rol l i ng r esi stance on d ry so i l  was 
5 . 86 kN at 1 . 87 m/ s  and 5 . 8 5  kN at 1 . 40 m/ s  f o r  an av e r age 
of 5 . 8 5 kN . The soi l cone index in  the 0 to 4 9  em depth 
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range av e r aged 17 . 8  and . 25 . 8  kPa f o r und i s tu r bed s o i l  and 
soi l  in the  wheel t r ack , respect ivel y .  Soi l  moi stur e 
content was not dete rmined due to an e r r o r  i n  weighing the 
wet soi l  sampl es . 
Mean power r equ i r ed to d r ive EC-I  at  certain 
speeds in second gear w i th no l oad on asphal t was 
dete rmined ( Tabl e 1 2 )  • Repo r ted speed was the ave r age 
spe ed measu r ed by the radar gun cor rec t ed to the timed 
speed , as  d i scus sed i n  the model dev el opment tests 
sect i on . Battery power w as cal culated i n  the  same manner 
as for  the d r af t  test s . Power r equi r ed i nc r eased l inearly 
with speed . A l inear reg ress i on of power  r equi red v er sus 
speed pr oduced the f ol l owing equat i on ( R2 =0 . 9 80 ) : 
B P=2 . 2 4 *VA+2 . 7 4  
wher e :  B P=batte ry pow e r , kW 
VA= aver age vel oc ity , m/ s 
Thi s  equat i on was devel oped for  speeds f r om 0 . 6 9  to 3 . 0 3  
m/ s . These r esul ts i ndi. cated that dr iv ing EC- I  a t  f ul l  
speed in  second gear ( about 3 m/ s ) o n  a l ev el sur f ace with 
no l oad , consumed 9 to 1 0  kW resulting i n  an ope r ating 
time pe r battery charge of three to four hou r s .  
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Tab l e  1 2 . Battery power requ i r ements to ope r ate EC-I  i n  
second g e a r  with n o  l oad at d if f e r ent speed s . 
Spe e d ,  m/ s  
0 . 6 9 
1 . 4 9 
1 . 57 
2 . 6 1 
3 . 0 2  
3 . 0 3 
Battery power , kW · 
4 . 27 
5 . 5 0 
6 . 8 5 
8 . 8 4  
9 . 7 3  
9 . 1 1 
D r af t  tests dete rmined that the max imum drawbar 
power  EC- I  coul d devel op was 3 4 . 7 3  kW on a sphal t in thi rd 
gear . Howev e r , the potent i al draf t i n  f i r st gear  was 4 8  
percent h i gher  than the maximum draf t  the tr an sm is si on a.nd 
axl es were  des i gned to wi thstand ( Wal k e r , 1 9 8 5 ) . 
Ther ef o r e , the tr ansmi s s i on and axl es of el ect r i c t r actors 
either  need to be des i gned to wi thstand g reat e r  l oads 
compared  to conventi onal tr acto r s  o r  h ave  an overl oad . 
protec t i on system . Soil  surfaces were f ound to  i ncr ease 
the battery power requi r ed 3 . 1 2  to 8 . 6 8  kW and dec r ease 
the eff i c i ency 5 . 5 4  to 25 . • 91 pe rcent . F o rw a r d  t i r e  tr ead 
di rect i on dec r eased battery power r equ i r ed 2 . 6 5  kW . In 
f i r st , second and thi rd gear on asphal t ,  pea k  d r awbar 
power s were  2 5 . 4  kW at 0 . 8 m/ s ,  3 1 . 3  kW at 1 . 7 m/s and 
3 2 . 0  kW at 2 . 6 m/ s , respect ivel y .  Peak ef f ic i enc i e s  on . 
, ,  
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asphal t i n  f i r st , second and th i rd gear w e r e  7 5  pe r cent at 
1 . 2  m/ s , 7 6  pe rcent at 2 . 5 m/s and 73 pe r cent at 3 . 6 m/ s , 
respectively . The r ol l ing resi stance was 2 . 0 3  kN on 
asphal t cont r asted w i th 5 . 8 5 kN on dry soi l .  
F i el d  Test s 
The 
mov ing snow , 
Power was 
power requi rements for dr iv ing b etween task s ,  
and l oading s i l age and hay wer e dete rmined . 
cal cul ated f rom instantaneous cur r ent and 
vol tage . Power  r equ i r ement s changed suddenly and r apidly 
du r i ng ope rati on ( F i gu r e  3 4 ) . For thes e  c ho r e task s ,  the 
av erage power requ i r ed was l ow ,  varying f rom 9 . 2 9  to 1 2 . 7 3 
kW , but the power r equi rement range was f rom 0 to 5 7 . 4  . kW 
( Tabl e 1 3 ) . Tasks  with these cha r act e r i s t i cs a r e  i d�al 
for an el ect r i c  t r actor that i s  hi ghly ef f ic i ent at l ow 
power l ev el s  and has t he overl oad c apac i ty of el ect r i c  
motor s enabl i ng i t  t o  meet pea k power demand s . 
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Tabl e 1 3 . Batte ry power  requi r ement s  f or sel ected c hore  
tas ks . 
Power ,  ( kW )  · 
Task Mean var i ance Max imum Minimum 
Movi ng snow 1 1 . 1 3 1 0 0 . 6 0 57 . 4  3 . 2 
Loading hay 1 1 . 9 3 2 4 . 4 4 3 5 . 8  0 . 2 
Loading s i l age 9 . 2 9  17 . 1 8 2 5 . 0  1 . 6 
Dr iving uph i l l 1 2 . 7 3  1 0 0 . 7 2  3 5 . 7  0 . 0 
On- farm , winter performance was s ubj ectively 
analyz ed whil e data on task pow er r equ i r ement s were 
col l ected. · The tempe ratur e dur ing on- f arm test ing r anged 
f rom - 3 0  to 0 deg rees c. The col d  w eather  had three 
effects on EC- I pe r f o rmance : ( 1 )  r educed b attery capac ity ,  
( 2 ) unequal ac i d  distr ibut ion i n  the battery cel l s  and ( 3 ) 
r educ ed hydraul ic pe r f o rmance . The cho r e  tas k s  on this · 
f arm were  not demanding enough to be  af f ected by the 
r educed battery capac ity . When dr iven t h r ee k i l omete r s 
( km )  to and f rom a second farm w ith mor e  demanding cho r e  
routines , the reduced battery capac i ty al l owed 45  min of 
l oading s i l age .  Ope rating time was pa r t i al ly l imited by 
ene r gy consumed dur ing 10 min of d r iv ing at nea rly ful l  
speed to  r each the second farm .  
, ,  
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When char ging at -1 5 degrees c ,  t h e  cha r ging 
prof i l e  was the same and the no- load vol tage indica ted 
f ul l  char ge , but the tempe r atur e co r rec t ed spec i f ic 
g r av ity i ndi cated only one- hal f charge . I n  thi s  state , 
EC-I was ope r ated , and its  pe rfo rmance i nd i cated that it  
was  f ul ly charged , · but more testing is  n eeded to check 
thi s resul t .  A poss ibl e explanati on was t hat due to the 
l ow el ectr o lyte tempe r atur e of z ero  deg r ees C du r ing 
char ge , the speci f ic grav i ty did not equal iz e throughout 
the c e l l  causing a low spec if ic g r av i ty val ue at the top 
of the cel l . Thi s  unequal ac i d  di str i bu t i on woul d cause  a 
reduc t i on i n  battery l i f e . 1 
The hyd raul ics  were stiff  and di d not per f o rm w el l  
i n  the col d c ondi tions .  Al though thei r per fo rmance 
imprqv ed w i th ope r at i on ,  at tempe r atur es below - 1 5 deg r ees 
C they neve r  r eached a sat i s f acto ry pe rf o rmance l ev el . Al l 
these ef f ect s cou ld be counte r act�d by stor i ng and 
c harg i ng EC- I in a heated buil ding . When snow was moved · 
at tempe r at u r es f rom -1 5 to 0 degrees C w ith EC-I  char ged 
in  a heated bui l d ing mai ntained at 20 deg r ee s  C ,  none of 
these probl ems occu r r ed .  ·The tractor was abl e to move 
snow for  th ree  to f our hour s on a s ingl e  char ge . 
Three  saf ety pr obl ems were not ed du r i ng on- f arm 
test s : ( 1 )  coast i ng down hil l s ,  ( 2 )  pto alway s ope r ating 
due to need f o r  steer ing hydraul i cs , and ( 3 )  h i gh vol tage 
, ,  
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a t  the motor contr ol s ac·cessibl e  when t h e  pr otect ive cover 
was r emoved.  When d r iv ing downhi l l , the el ect r i c motor 
off e r ed no r etarding force so vehicl e speed i nc r eased by 
coas t i ng unl ess b r ak ed by shift ing to r ev e r se . In thi rd 
gear , it was pos s i bl e  f o r the motor  ov e r speed swi tch to 
shut down both motor � by ov er speeding the tr act i on motor  
whi l e coasti ng downh i l l . Thi s  was a dang e r ou s  s i tuation 
because w i th both motor s off the v ehicl e h ad no s teer ing 
and the only method of stopping the v eh i c l e  was the 
hand-ope r ated par k ing b rak e . A control  sy stem that l imits 
coast ing woul d solve thi s  probl em .  
The pto must be  shiel ded bette r  i f  i t  i s  t o  be 
ope r at i ng whenev e r  the tractor is ope r ated . A farmer 
coul d get caught i n  the pto whi le  h i tching an i mpl ement to 
the tr acto r . Us ing one motor to ope r at e  the hyd r aul ic 
pump and a second motor to power the pto , as di scus s ed in  
the pto r esul ts sect ion , woul d solve thi s pr ob l em .  
The motor cont rol covering c an b e  r emoved eas i ly , 
al l ow ing unauthor i z ed acce s s .  I f  the cont rol s are 
connected to the battery , the battery terminal vol tage of 
1 2 8  vol t s  i s  " l ive " at the cont rol s .  A po s s i bl e sol ut i on 
to thi s probl em i s  a pressure sw itch . that opens w hen the 
cont rol cover i ng i s  r emoved so that the control s a r e  not 
, ,  
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" hot " . These saf ety probl ems a r e  unique , to the pr ototype 
EC-I and through desi gn modif icat i on can be minimiz ed or  
el imi nated f o r  f arm EVs . 
Model Development Tests 
Establ i shment of Model Equati ons 
The model dev el opment tests  establ i s h ed mul tipl e  
regres s i on equat i ons to predict ener gy use f or standar d  
segment s of f arm cho r e  tas k s . Batte ry powe r  was pr ed i cted 
and ene r gy use  dete rmined by mul ti plying powe r  by time 
whe r e  batt e ry powe r  was expected to r emai n  constant , that 
al l owed mor e  f l exibil ity in the model . Data col l ected 
dur ing f iv e  d i f f er ent cyc l es cons i st ing of the s e  standa rd 
segments were  used to examine the model . A pr el iminary 
j udgement w as made on model ut i l ity based o n  goodness of 
model fit as cycl e compl exity inc r eased . 
Data f rom the loade r tests  were  u sed to predict 
the ene r gy · r equ i red to ope r ate the PTO/HYD mot o r  at 8 0 0  
r/min w i th no l oad . Loade r tests a t  a n  el ect rolyte 
tempe r at u r e  of 2 9  degrees C and an amb i ent temper atur e of 
2 4  deg r ees  c were chosen because these t empe r atur es were 
near the tempe r atur es expected f or the model exami nat ion 
cyc l es . Mean power  r equi red to oper ate the PTO/HYD motor 
, ,  
1 27 
at 8 0 0  r/min with no l oad was 17 3 2 . 4  w w i th a var i ance of 
9 26 4 . 2  ( standa rd  dev iation o f  96 W) . Ene r gy r equi r ed f o r  
thi s  segment · was pr ed icted by mul tiplying the mean power 
by time i n  the fol l owing equati on : 
El =l7 3 2 . 4 *T/1 0 0 0  
wher e :  El =ene r gy f or PTO/HYD motor ope r at i on at 
80 0 r/mi n ,  kWh 
T= time of ope r at ion , h 
Thi s  equati on was used to pred i ct ene r gy use  w hen the 
PTO/HYD motor  was ope r ating dur ing  coast i ng , and t r act ion 
motor enr gy use was z ero . 
Data f rom the s i x  pto power  l ev el s used in  the 
varying pto power cyc l e  were used to predict the ene r gy 
r equi red f o r  pto ope r ation . Pto power  and speed were 
dete rmi ne d  to  be the two mai n  v ar i abl es af f ect i ng th� 
batte ry power r equi red ,  so a mul ti pl e  r eg r e s s i on 
consi de r ed battery power as a f unct i on of  pto pow e r  and 
speed . U s i ng the r educed model F-test , pto power and speed 
were f ound to be the best predictors  of  battery pow e r . The 
fol l ow i ng regres s ion equat ion ( R2 =0 . 9 9 9 ) , whi ch was 
dev el oped f or pto power  f r om 1 . 5 to 11 . 5  kW , was u s ed to 
predi ct battery powe r  r equi r ed f o r  pto ope r at i on : 
, ,  
BP1=1 . 2 2l *PP+0 . 0 0 4 *PS+l . 4 4 5  
wher e : · B Pl=batt ery power for pto ope r at i on segment , kW 
PP=pto pow e r , kW 
PS=pto speed , r/min 
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The next step 
mul t i ply ing the 
was to 
batt ery 
Ene r gy use by the pto was 
equat i on :  
determine ene r gy r equi r ed by 
power by the t ime of ope r at i on .  
pred i cted w i th the f ol l ow ing 
E2=BPl *T 
wher e :  E2 = ener gy requi red f o r  pto ope r ati on , kWh 
Ener gy requi r ed to pul l a constant l oad at a 
constant v e l oc i ty was pr edicted us i ng a mul tipl e  
regress ion equati on devel oped f rom tests conducted w i th 
three l oads . at f ou r  vel oc it i es . Load .was meas u r ed by the 
drawbar dynamomete r , and the speed was cal cul ated f rom the 
time r equ i r ed to cover  the draf t cou r se ( 91 m) • · The 
mul tipl e r eg r ession rout ine consi de r ed the battery power 
requi red to  be a f unct i on of the av e r age l oad and av e r age 
vel oc i ty dur i ng the test . Both l o�d and veloc ity· 
, ,  
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s i gn i f i cantly contr ibuted t o  t h e  f ol l ow ing pr edict ion 
equati on ( R2 =0 . 9 3 3 ) : 
BP2=2 . 2 48 *L+4 . 67 l *VA-3 . 5 8 5  
whe r e : B P2 =battery powe r for constant speed s e gment , kW 
L=average l oad , kN 
VA= average timed vel oc i ty , m/ s 
Thi s  equati on was dev el oped for l oads f rom 2 . 6 2  to 9 . 8 4  kN  
and vel oc i t i es f rom 0 . 8 4  to  3 . 6 6 m/ s .  Ene r gy used was 
f ound by mul tiply ing batte ry power  by the ope r at i on t ime : 
E3 =BP2 *T 
wher e :  E3 =ene rgy r equi r ed for constant speed s egment , kWh 
Ene r gy requi red to accel erate a l oad f r om r est  to 
a f i nal vel oc i ty was predi cted by a mul t i pl e  r eg r es s i on 
equat i on us ing data f rom accel e r at i on test s . Because 
battery power  was  not constant dur ing accel e r at i on , ene r gy 
was pr edi cted di rectly f rom the mul t i pl e  r eg ress ion 
equat i on .  Load , f inal speed reached and av erage 
accel er at i on wer e  bel ieved to be i mpo r tant f actor s  f or 
predict i ng ene r gy requi red . The l oads f rom constant speed 
, ,  
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test s were  used f or the accel e r at i ons . S i nce  the load 
var i ed dur ing accel eration due to i n e rt i a  ( F i gu r e  3 5 ) , the 
mean l oad f rom constant vel oc i ty tests  was u s ed .  Radar gun 
cal ib r at i on i ndi cated that r ead ings at a constant. v el oc ity 
coul d vary as much as f ive  pe r cent , ther ef o r e , . the 
accel erat i on was conside r ed compl ete when th ree 
consecut ive  vel oc i t i es were within f iv e  pe r cent . The f inal 
vel oc i ty r eached was the maximum v el oc i ty obtained dur ing 
accel e r ati on .  
Accel erat i on var i ed conside r ably , a s  c al cu l ated by 
div iding the v el oc i ty d i f f e r ence by the t i me : 
A= ( VA2 -VA1 ) / ( T2 -Tl ) 
wher e :  A= accel eration ,  m/ s2 
VA2 =vel oc i ty at second data po i nt , m/ s  
VAl =vel oc ity at f i r st data poi nt , m/ s 
T2= time of second data poi nt , s 
Tl =time of f i r st data poi nt , s 
Accel erat i on was f ound · to inc r ease to a pea k  at the 
beg i nn i ng of an acc el er ati on ,  and sl owly dec r eas e  to z ero 
as constant veloc i ty was approached ( F i gu r e  3 6 ) . The a r ea 
under  the accel e ration ver sus t ime curv e  was expected to 
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was used r ather than av er age accel e r at i on . S i nce the a r ea 
under  the accel e r at i on versus time curve w as a f orm of 
ave r age v el oc ity , the a r i thmeti c  mean v el oc i ty was cal ­
cul ated and used a s  a f ourth fact o r . 
A mul tipl e  r egression rout ine was  conducted . w i th 
ene r gy con s i de r ed as  a funct i on o f  the l oad , the f i nal 
vel oc i ty ,  the a rea under the accel e r at i on v e r sus t ime 
curve and the a r it hmet i c  mean vel oc i ty .  Us i ng the F-test 
f or model s i gni f i cance ( 0 . 0 1 lev el ) , l oad and f i nal 
vel oc i ty wer e  the best facto r s  f or pr edi cti ng ener gy 
requi red  w ith the other two facto r s  add i ng no s i gni f icant 
i nformat i on .  The fol l owing mul tipl e r e g r es s i on equat ion 
( R2=0 . 9 3 4 )  was used to pr ed i ct ene r gy r eq u i r ed to 
accel erate : 
E4=0 . 0 0 537 8 *L+0 . 0 2 80 8 *VF-0 . 0 3 43 6  
whe r e : E4 = ene r gy r equi red f or accel eration segment , kWh 
VF= f i nal vel oc i ty reached , m/ s  
Thi s equat i on was dev el oped for  l oads f rom 2 . 6 2  to 9 . 8 4  kN 
and f inal vel oc iti es of 0 . 4 85  to 3 . 7 3 1. m/ s .  
T r act i on motor ene r gy use was assumed t o  b e  z ero , 
when EC- I  was at r est or coasting , since the speed cont rol 
was in neut ral . Du r i ng these segment s ,  the only ene rgy 
, ,  
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used ope r ated the PTO/HYD moto r at 8 0 0  r/min .  The ene rgy 
used to ope rate the PTO/HYD motor  at 8 0 0 r/min was 
i ncl uded in  the predi ct i on equati ons f o r  the constant 
vel oc i ty and accel eration segments .  
Eval uati on of Model
. 
Per f ormance 
Standa rd  cycl es , with i ndependent data to e xamine 
the model , were def ined and data wer e col l ec t ed for  model 
exami nat i on af ter the prediction equati on s  wer e dev el oped . 
The data f rom each cycl e were div i ded i nt o  segment s us ing 
vel oc i ty and c u r rent c r i ter i a .  The accel e r at i on segment 
was def i ned us ing the same c r i t e r i a  that were  used to 
def i ne the segment for the pr edict i on equat i on . The pa­
ramete r s  r equi red to predi ct ene r gy  for  that segment were 
calcul ated f rom the data col l ected . For  a constant 
vel oc ity segment , the mean draft  and vel oc i ty pa r ameter s 
r equi red i n  the pr edict i on equat i on were  cal cul ated f rom 
data col l ected dur ing the cycl e .  An adj ustment was 
requi red in the av erage vel oc i ty · dur ing the constant 
vel oc i ty segment s due to rada r gun i nacc u r acy . Thi s  
inaccur acy may hav e been caused by t r actor  v ib r ations 
dur i ng use . A l inear regression ( R2=0 . 9 9 7 ) was u sed to 
pr edict the timed vel oc i ty given r ada r gun v el oc i ty : 
VA=0 . 9 4 1 2 *VR-0 . 0 0 1 4 
wher e : VA= timed vel oc i ty ove r  cour se , m/ s  
VR= r adar gun vel oc i ty ov e r  cou r s e ,  m/s 
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The accel e r at i on segment used the mean d r af t  f rom the 
constant v el oc i ty segment in  the pr ed i ct i on equat ion and 
the f i nal veloc i ty reached . No method of ene r gy use 
predi ct i on was f ound f or one segment . Thi s  segment 
( c r eep ) occu r red when EC- I was sta r ted f r om r es t  du r ing a 
cycl e ,  and the ope rator had to c r eep a head to prevent a 
j ol t  when accel er ating by ti ghtening the l oad c abl e .  
When the ener gy for  each segment had been 
pred i cted , the actual ene r gy for  each s e gment was 
calcul ated by using S impson ' s  Rul e to f ind the a r ea under 
the power ver sus t ime cu rv e .  Segments w ithout an even 
number of interval s had one data poi nt e i ther  added or  
subtracted depe�ding on which af f ected the r e s ul t s  l east . 
Actual ener. gy for  the cycl e was f ound by us ing Simpson ' s 
Rul e f or the ent i r e  power v e r sus t ime c u rv e ,  and 
subtracting the ene r gy used for the c r eep s e gment . Percent 
e r r o r  was cal cul ated using the fol lowing equat i on :  
, ,  
ER= { ( PE-AE ) /AE ) * l O O  
whe r e : ER= e r ror , per cent 
PE=predicted ene r gy ,  Wh 
AE= actual ene r gy , Wh 
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The model pr edicted the ene r gy use w i thin 6 . 8  
pe r cent , 2 40 . 7  Wh compa red to the act ua l  ener gy use of 
2 5 8 . 3  Wh ( Tabl e 1 4 )  for cycl e I ( Tabl e 3 ) . The pe rcent 
e r r o r  f o r  each segment was higher due to the smal l amount 
of actual ener gy used in each segment ( F i gu r e  3 7 ) • The 
assumpt i on of  z ero  ene r gy for coast ing and r est ing was 
ver i f i ed as the actual ener gy for the r es t i ng s e gment s was 
near ly z ero  and f or the coasting segment was only sl i ghtly 
gr eater  than that predicted as requ i r ed f o r  PTO/ HYD motor  
ope r at i on . Al l accel erat i on and constant speed segment s 
had a predi cted ene r gy use within 1 5  Wh of  the actual . 
, ,  
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&::. � 
>-Q L CD 
.n 
1 10 
100 .ff . PE•Pred icted energy, Wh 













PE AE PE AE PE AE AE � _r:=mm PE_g_ f!mm I I IIIII 0 
SITWPTO ACCEL CSPEED COAST SITNPTO SIT SITNPTO CREEP ACCEL. CSPEED 
F i g u r e  37 . Compa r i s on o f  p r ed ic t ed v e r s us actual  ene r gy for each s egme nt of 





1 3 8  
Tab l e  1 4 . Model val idation r es ul t s  f o r  ene r gy use cyc l e  
I ,  pul l i ng a l oad · on asphal t with  n o  t ur n s . 
Segment1 Pred . ene r gy , Wh Act . ener gy ,  
SITWPTO 1 . 3 0 . 9 
ACCEL 27 . 0  3 5 . 4  
CSPEED 1 0 0 . 6  8 8 . 7  
COAST 2 . 1 3 . 7 
SITWPTO 2 . 1 1 . 8 
S IT 0 . 0 0 . 6 
SITWPTO 2 . 5 4 . 2  
CREEP 3 . 8 6 . 8  
ACCEL 7 3 . 6  87 . 1  
CSPEED 3 1 . 6  3 6 . 0 . 
Cumul at ive 2 4 0 . 7  2 5 8 . 3  
1 siTWPTO= S i t  with pto ope r ating at 8 0 0  r/min segment . 
ACCEL=Accel erat i on se gment . 
CSPEED=Constant speed segment . 
S IT= S i t  w i thout pto ope r ating segment . 
CREEP=Creep f orward  to ti ghten cabl e segment . 
Wh 
Predi cted ene r gy ,  actual ene r gy and pe rcent e r ror· 
for  al l the model val i dation cyc l es , including f our with 
l oads sl i ghtly beyond the predict ion equati on r ange , ar e 
summar i z ed i n  Tabl e 1 5 �  Al l but one of the cycl es on 
asphal t had a predicted ene rgy within 1 0  pe r cent of the 
actual ene r gy .  The accuracy of the model f o r  cycl es two 
and three indi cates t hat turning has l i ttl e , i f  any , 
ef f ect on ene r gy use . The model tended to  p r edi c t  ene rgy 
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use l ow mo r e  often tha� h i gh . · The cyc l e unl oading the 
feed wagon on a g r avel sur f ace was not analyz ed due to 
inst r umentati on probl ems . Cycl es on d i r t  w e r e  out of the 
r ange of the predi ction equati ons , and the model was not 
adequate to pred i ct the ener gy use on a d i r t  sur f ac e .  
Tabl e 1 5 . Total pr edict ed compa r ed to actual 
for  al l model val idati on cycl es . 
Cycl e1 Load2 
Total pred . Total act . 
ene r gy , Wh ener gy , Wh 
I 1 1 7 1 . 0  1 8 4 . 2  
I 1 1 9 8 . 5  2 1 5 . 1  
I 2 2 40 . 7  2 58 . 3  
I 2 2 3 1 . 3  27 6 . 2 
I I  1 56 8 . 3  5 1 8 . 8  
I I  1 577-. 4  5 5 2 . 5  
I I  2 6 6 4 . 6  7 1 0 . 3  
I I  2 66 8 . 4  6 8 5 . 1  
I I I  1 5 0 3 . 6  47 2 . 7 
I I I  1 47 7 . 9  4 47 . 9  
I I I  2 547 . 6  5 47 . 2  
I I I  2 5 8 1 . 0  5 8 2 . 1  
IV 3 53 . 8  1 8 6 . 9  
IV 4 6 4 . 2  1 8 0 . 1  
� See tabl es 3 to 7 for  cycl e def initions .  
Load one was one tr actor towed . 
Load two was two t r acto r s  towed . 
Load three was a pa r t i al ly loaded f eed w agon . 
Load f ou r  was a par t i al ly loaded f eed w agon . 
ener gy used 
E r ror , % 
..;. 7 . 2  
- 7 . 7 
- 6 . 8 
- 1 6 . 2  
9 . 5 
4 . 5 
- 6 . 4 · 
2 . 4 
6 . 5 
6 . 7 
0 . 1 
- 0 . 2 
-7 1 . 2 
-6 4 . 3 " 
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Thi s  wor k  establ i shed the ene r gy use mod el as a 
val id c onc ept , and i ndi cated that a model can accur ately 
predi ct ener gy · use f or certa in tas k s e gment s . For the 
model to become a val uabl e tool , it  must be  extended to 
incl ude d i f f er ent su r f aces and mor e  segment s . 
Suggestions for Future Research 
Thi s  r es earch has suggested the fol l ow ing a reas 
for f ut u r e  r esea r ch : 
1 .  Des i gn an elect roni c control sy stem to · pr event 
coasting . 
2 .  Extend the ene r gy use model to soi l  su r f aces 
with w ider · r anges for the predict ion equat i on s . 
3 .  Conduct e xtensive on- farm test s . 
4 .  Perf orm an economic  ana lysi s ut i l i z ing 
per f ormance r e sul ts . 
s .  Conti nue to expl o r e  the e f f ect  of  DOD on 
pe rformance . 
6 .  Conduct pe r i odic  capac i ty tests  to e xamine 
changes in battery capac i ty as the battery age s . 
, ,  
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The de s i gn of a n  el ect ron i c  cont r o l  sy stem i s  
suggested a s  a top pr i or ity t o  impr ove v eh i c l e saf ety . The 
e xtension of the ene r gy use model i s  n eeded to better  
rel ate the model to ope rating cond i t i ons , · ther eby , 
inc r ea s ing  i t s  val ue f o r  desi gn .  Extensive  on- f arm test s 
woul d compl ement the control l ed test i nf o rmat i on presented 
in  thi s thes i s .  To further e xpl o r e  the economic 
f eas i b i l i ty of an agri cul tural EV, economic  ana lysi s 
uti l iz ing per f ormance results woul d b e  v al uabl e .  The 
eff ect of DOD on per formance and c hanges i n  battery 
capac i ty as the battery ages hav e been e xpl o r ed to a 
l imited e xtent in this  analysi s ,  but n eed f u r ther 
def i n i ti on . 
, ,  
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SUMMARY AND CONCLUS I ONS 
A test pr oc edu re  that quant i f ies  pe r formance 
capab i l iti es has been dev ised f o r  e l ec t r i c  t r acto r s  and 
was used to determine the per formance of EC- I . The test 
procedu r e  con s i s t s  of standardiz ed component and vehi cl e 
test i ng ; and subj ective on- farm tests . 
The maximum cont inuous pto powe r  was 1 2 . 2  kW in  
the present conf i gu r ation ,  and the max imum d r awba r  power  
was 3 4 . 7 3  kW in thi rd gear . Loade r tests  i nd i cated 
inc r easing  tempe r atures f rom 3 to . 2 4  degr e e s  C caused 
cur r ent r equi rements to dec r ease 20 to 3 0  pe r cent due to 
tempe r at u r e  eff ect s on the vehicl e compon ent s ,  r ather than 
on the battery . The f ol lowing pto and t r act i on ope r ating 
character i stics  were demonst r ated : 
1 .  Pto power  slowly dec r eased when the  oper ator 
set the spe ed cont rol and did  not r eset i t .  
2 .  The maximum continuous pto pow e r  o f  1 2 . 2  kW 
drained the batt e ry in 1 . 5 to 2 h .  
3 .  The SCR must b e  cooled t o  maintain maximum 
conti nuous power output . 
4 .  Potent i al pr obl ems f o r  on- f ar m  pto use  at high 
power i ncl uded : ( a )  SCR overheating , ( b )  el ect rolyte 
ove rheat i ng ,  ( c )  pos s i bl e  motor shut down due to the rmal 
ove r l oad and ( d )  r educ ed power at l ow SoC . 
, , 
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5 .  Peak d rawbar power s  on asphal t i n  f i r st , 
second and thi r d  gear were  2 5 . 4  kW at 0 . 8 m/ s ,  3 1 . 3  kW at 
1 . 7 m/ s and 32 . 0  kW at 2 . 6 m/ s , respect i v ely . 
6 .  Peak ef f ic i enc i es on asphal t i n  f i rs t , second 
and thi rd gear w e r e  7 5  pe r cent at 1 . 2 m/ s , 7 6  per cent at 
2 . 5 m/ s and 73 pe r cent at 3 . 6 m( s , r e spect ivel y . 
7 .  Soi l  surfaces inc r eased bat t e ry power r equ i red 
3 . 1 2  to 8 . 6 8  kW compa r ed to asphal t and d ry soi l .  
8 .  Forward ti r e  tr ead dec r eased batte ry power 
r equi r e d  2 . 6 5 kW compa r ed to r ev e r s e  tr ead . 
9 .  EC- I had an ave r age r ol l ing r es i stance .of 2 . 0 3  
and 5 . 8 5 kN on asphal t and dry soi l , res pect ivel y . 
A model has been devel oped and e x amined that 
p r edi ct s  · Ec- I ener gy use w i thin  1 0  per c ent for 
standar di z ed f arm cho r e  tasks . Dev el oped f o r  second gear , 
the model pr edi cts ene r gy for standard task  segment s on 
asphal t and adds the r esults f o r  each s egment to obtain 
ene r gy r eq u i red � or  the ta sk . The model was unabl e to 
accu rately . pr edict ener gy use on soi l  and needs to be 
extended to  pr edi ct ene r gy use f o r  cho r e  task s .  
spe c i f ic  des i gn impr ovement s r ec ommended f o r  EC-I 
incl uded : 
1 .  The pto and hydraul ic pump should be  power ed 
by sepa r ate motor s  • 
. , 
to 
2 .  The t r ansmi ss ion and axl es should  b e  
w ithstand t h e  max imum torque o utput by 
1 4 4  
desi gned 
the de 
motor-battery combinat i on ,  or an ove r l oad p r otect i on 
sy ste� shoul d be  instal l ed . 
3 .  An el ect roni c control sy stem needs to be  added 
to pr ev ent unwanted · coast ing . 
4 .  A convent ional brake shoul d b e  a dded for 
saf ety in  emergency si tuati ons . 
s .  A swi tch shoul d  automat ical ly open when the 
cont roll er  cov er i ng i s  r emoved to prev ent h i g h  vol tage 
shoc k s . 
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, ,  
Explanation 
ampe r e  
alternating cu r r ent 
ampe r e- hour  
Argonne Nati onal Laborato ry 
Ame r i can Soc i ety of Ag r icu l t u r al 
Engi nne e r s  
Cel s i us 
cent imeter 
di rect cur rent 
depth-of-di scharge 
El ect r ic Chor emaster I 
El ect r ic Power Research I n s t i tute 
el ect r ic vehicle  
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El ect r i c  Veh i c l e  Devel opment Co r porat i on 
F ede r al U rban D r iv ing Sch edul e 
g r am 
General  Battery Co rporation 
hou r s  
J e t  Propul sion Labo ratory 
k il ogr am 
k il ometer  
k il onewton 


























k i l owatt-hou r 
met e r  
minute 
mil l il iter  
mete r pe r second 
mil l ivol t 
Nati onal Battery Test ing Labo r ato ry 
Nati onal El ect r i cal Manu f ac t u r er s 
As soc iat i on 
newton-meter 
Nati onal Rur al El ect r i c Cooper a t ive  
As-soc i at i on 
power  take-off 
pto and hydr aul ic  motor  on E l ect r i c  
Cho r emaster I 
r evolut i ons pe r minute 
root mean square 
second 
Soc i ety of Automo t ive Engi nee r s  
s i l i con-cont rol l ed-rec t i f i e r  
South Dakota State Unive r s i ty 
state-of-charge 
Tennessee Val ley Autho r i ty 
vol t  
watt- hour 
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Append i x  B :  
L i st  of Symbol s 





















acc e l e r at i on 
ave r age batte ry power ove r  
cour se 
total ac ene r gy to cha r ger  
adj usted tachometer  r ead ing 
actual ener gy 
instantaneous battery pow e r  
battery power f o r  pto 
ope rati on segment 
battery power for  constant 
speed s egment 
five- hour rate batte ry 
capac i ty at t deg r ees C 
ave r ag e  batte ry cu r rent 
ove r  cour se 
f iv e� hou r r ate · batte ry 
capac i ty at 30 deg r ees C 
d r af t  
av er age d r awbar draf t  over  
cou rse  
av er age d r awba r  power over 
cou r se 
total de ene rgy dischar ged · 
f rom battery 
total de ene r gy to batte ry 
depth-of-d i scharge 
total ene r gy avai l abl e 
( c apac i ty )  at a spec i f i ed 
rate  


















pe r cent 
kWh 






















energy di scharged at a 
spe c i f i ed r ate 
ef f i c i ency 
strain  gage b r i dge power 
supply 
st rain  gage b r i dge output 
e r ror  
energy fo r PTO/HYD moto r 
ope r at i on at 80 0 r/min 
ene r gy requi r ed for  pto 
oper at i on 
ener gy req u i r ed f o r  constant 
speed s egment 
ene r gy r equi red for  
acc el e r at i on segment 
-
9ear r educt ion f rom t r act ion 
motor  to wheel · 
speed 
av e rage l oad 
number of wheel revol ut i ons 
power · 
pr edicted ene r gy 
i nstantaneous pto power 
pto r otational speed 
pto to rque 
rotat i onal speed of tract ion 
motor 
, , 











d i mens ionl ess  
m/ s 
kN  
dimen s ionl ess 











Explanation Unit s  
ave r age rol l ing radi us o f  
the f ou r  wheel s m 
wei ght of sy r inge empty g 
weight of sy r inge and 1 0  ml 
of el ectrolyte g 
av e r ag e  �l i p  ove r  cour s e  pe r cent 
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wei g ht of sy r inge and 10 ml 
of w at e r  at 2 5  degr ees C g 
t i me of ope r ation h 
battery el ect rolyte tempe ratur e deg r ee s  C 
o r i gi nal tachometer  read ing r/min 
time to t r averse  cou r s e s 
time of f i r st d�ta poi nt s 
time . of second data po int s 
vol tage r ead by vol tmeter 
or  mul t imeter V 
av er age timed veloc i ty over  
cou r se m/ s 
f i nal · vel oc i ty ·. reached m/ s  
radar gun veloc i ty over  cour se m/ s 
VT theo r et ical vel oc i ty over  




av er age battery vol tage ove r  
cou r se 
vel oc i ty at f i r st data point 
vel oc i ty at second data point 
v 
m/ s  
m/ s  
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Tab l e  C . l Equati ons descr ib ing b attery DOD and c apac i ty 
c hanges w i th tempe r atur e .  
1 .  Battery DOD 
DOD= ( ED/EA ) * l O O  
where : DOD=depth-of-di scha r g e ,  pe rcent 
E.D=ener gy di scharged at a spec i f i ed 
r ate , k i l owatt-hou r ( kWh ) 
EA=total ene r gy ava i l ab l e  ( c apac i ty )  at 
a spec i f i ed r at e , kWh 
2 .  Capacity changes with temperature for temperatur es 
below 30 degrees C 
Ct=C3 0 * ( 1+0 . 0 0 9 ( t- 3 0 ) )  
wher e : C3 0 = f iv e- hour rate  battery capac i ty at 3 0  
deg r ees  c ,  Ah 
Ct=f ive- hour  rate battery capac i ty at t 
degrees  c ,  Ah 
t=el ectrolyte -tempe r atur e ,  deg r ee s  c 
, ,  
Tabl e  C . 2 Inst r umentation cal ibration equat i ons . 
1 .  Ac power transducer 
P=l 9 5 0 0 *V 
whe r e : P=power ,  W 
V=vol tage read by mul t imet e r , V 
2 .  Torgue transducer 
Torque 
PT=l07 4 . 4 * ( EO/E I ) +2 . 1 
wher e :  PT=pto torque , Nm 
Speed 
EO= torque s ensor  s t r ain  
gage  br idge output , V 
EI=torque sensor s t r ain  gage 
b r i dge power supply , V 
PS= 2 0 0  *V -
whe r e : PS=pto r otati onal speed , r/min 
3 .  Three-point hitch dynamometer 
D=2 3 . 7 0 * ( EO/EI )  
whe r e : D=d r af t ,  kN 
EO=drawbar dynamometer  s t r a i n  
1 58 
gage b r idge output , V 
EI=drawbar dynamomet e r  s t r a i n  gage 
b r i dge power · supply , V 
range : 0 to 5 0  kN 
4 .  Radar gun 
GS=2 . 0 2 *V-O . O l 
whe r e : GS= spe ed ,  m/ s 
rang e : 0 . 43  to .4 . 3 m/ s 
Tab l e  C . 2 ( conti nued ) 
5 .  Adjustment to EC-I tachometer measurement 
ADJT=0 . 9 86 *TACH+41 . 5 9 1  
wher e : ADJT= adj usted tachomet e r  r eading , r/min 
TACH=o r i ginal tachomete r r eading , r/min 
6 .  Adjustment to radar gun velocity meas ur ement 
VA= 0 . 9 41 2 *VR-0 . 0 01 4 
where :  
, , 
VA= timed vel oc i ty ov er  cour s e , m/ s  
VR= radar  gun vel oc i ty ov e r  cour s e ,  m/ s  
1 5 9  
T•bl e C . 3  Data analysi s · equati ons . 
1 .  Specific gravity of electrolyte 
SP= { SF- SE ) / { SW- SE )  
where :  SP= spe c i f i c  g r av i ty , d imens i onl e s s  
SF=we i ght o f  the sy r inge and 1 0  m l  of 
el ectrolyte , g 
SE=wei ght of the sy r inge empty , g 
SW=wei ght of the syr i ng e  a nd 1 0  ml of 
water  at 25 degrees  C ,  g 
2 .  Charger efficiency 
EFF = ( DCE/ACE ) *l O O  
whe re :  EFF=ef f ic incy , pe r cent 
DCE= total de ene r gy to battery , kWh 
ACE=total ac ene r gy to c ha r ge r , kWh 
3 .  Battery efficiency 
EFF= ( DCD/DCE ) * l O O  
whe r e : DCD=total de energy d i schar ged 
f rom batte ry , kWh 
4 .  Pto efficiency 
EFF= { PP/BP ) * l O O  
whe r e : EFF=ef f i c i ency , pe rcent 
PP= i nstantaneous pt o powe r ,  kW 
BP= instantaneous batte ry pow e r , kW 
5 . Drawbar power 
DBP=DBD*VA 
1 6 0  
whe r e : DBP= av e r age drawbar powe r ov e r  cou r s e ,  kW 
DBD=av e r age drawbar d r af t  ove r  cou r se ,  kN 
VA= ave r age timed vel oc i ty ove r  cour se , 
m/ s  
, ,  
1 6 1  
Tabl e C . 3 ( continued ) 
6 .  Velocity 
VA=9 1/Tl 
wher e : Tl =time to t rave r se the cour se , s 
7 .  Drawbar efficiency 
EFF= ( DB P/AB P ) * l O O  
whe r e : EFF=ef f ic i ency , pe r cent 
ABP= av e r age battery power  ove r  cou r s e ,  kW 
8 .  Battery power 
ABP= ( Cl *Vl ) /1 0 0 0  
whe r e : Cl=aver age batte ry cur r ent ove r  cou r se , A 
Vl =av e r age battery vol tag e  ove r  cour se , V 
9 .  Slip 
SL=l- ( VA/VT) 
whe r e :  SL=av e r age sl ip ove r  cou r s e , pe rcent 
VT= theo r et i cal vel oc ity ove r  cour s e ,  m/ s  
10 . Theoretical velocity 
VT= ( NR*RR) /Tl 
whe r e : NR=nurnber of wheel revol ut i ons , 
dimens ionl ess 
RR=av er age roll ing radi us of the 
four wheel s ,  rn 
RR= 3 . 46 m 
) . · 
Tab l e  C . 3 ( cont i nue d )  
1 1 . Number of wheel revolutions 
NR= ( RPM*Tl ) / ( GR*6 0 ) 
wher e :  RPM= rotat ional spe ed of t r ac t i on motor , 
r/min 
1 2 . Acceleration 
GR=gear reduction f rom t r ac t i on motor 
to wheel , dimensi onl es s  
A= ( VA2 -VA1 ) / ( T2 -Tl ) 
where : A= accel eration , m/ s2 
VA2 =veloc i ty at second data poi nt , m/ s  
VAl =veloc ity at f i r st data poi nt , m/ s  
T2= time of second data poi nt ,  s 
Tl =time of f i r st data poi n t , s 
1 3 . Percent error in model prediction of energy use 
ER= ( ( PE�AE ) /AE ) * l O O  
wher e :  ER= e r r or , pe r cent 
PE=predicted ene r gy ,  Wh 
AE=actual ene r gy ,  Wh 
1 6 2  
1 6 3  
Table  C . 4 Predi ct i on equati ons • . 
1 .  Specific gravity reduction versus time during a 
constant-current discharge at the six-hour rate .  
SP=-0 . 0 0 0 43 *T+l . 3 0 0 47 
whe r e : SP= speci f i c  g r av i ty ,  dimensi onle s s  
T= time , min 
r anges : 0 to 3 8 9  min 
1 . 1 2 5 to 1 . 2 95  
2 .  Vehicle draft available at different level s of current 
flow. 
D=0 . 0 6 43 *Cl-7 . 1 2 21 
wher e :  D=dr af t ,  kN 
Cl=cur rent , A 
r ange s : 3 . 82 to 3 4 . 8  kN 
1 7 0 . 4  to 6 49 . 5  A 
3 .  Battery power r eguired to operate in sec ond gear with 
no load 
BP=2 . 2 4 *VA+2 . 7 4  
whe r e : B P=batte ry power ,  kW 
VA=aver age vel oc i ty , m/ s  
r ange s : 0 . 6 9  to 3 . 0 3  m/ s  
4 . 27 to 9 . 1 1 kW 
) . 
Append i x  D :  
Summary of Model Energy Predict i on Equati ons 
, , ) . 
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Tab l e  D . l Summary o f  pr edi ct i on equations f o r  ene r gy use 
of standard t ask  segments .  
1 .  Energy to operate the PTO/ijYD motor at 800 r/min 
El =l7 3 2 . 4 *T/1 0 0 0  
wher e : El =ener gy for PTO/HYD mot o r  ope r at i on at 
8 0 0  r/min , kWh 
T=time of ope r at i on ,  hou r s  
2 .  Energy to operate the pto at a constant power 
BP1=1 . 2 2 l *PP+0 . 0 0 4 *PS+l . 4 45 R2=0 . 9 9 9  
wher e : BPl=battery power  f or pto ope r at i on 
segment , kW 
PP=pto power , kW 
PS=pto speed ,  r/min 
range : 1 . 5  to 11 . 5  kW 
ene r gy : E2 =BPl *T 
wher e : E2 =ener gy requi r ed for  pto ope r at i on ,  kWh 
3 .  Energy to pull a constant load at a constant speed 
BP2 = 2 . 2 48 *L+4 . 67 l *VA- 3 . 5 85  
whe r e : 
r anges : 
ener gy : 
wher e : 
, ,  
BP2 =battery pow e r  f or constant speed 
segment , kW 
L=av erage load , kN 
VA= average timed veloc i ty ,  m/ s  
2 . 6 2  to 9 . 8 4  kN 
0 . 8 4  to 3 . • 6 6  m/ s .  
E3 =BP2 *T 
E3 =ene r gy requi r ed f o r  constant speed 
segment , kWh 
Tabl e D . l ( cont i nued ) 
4 .  Energy to accelerate a load to a final speed 
E4=0 . 0 0 53 7 8 *L+0 . 0 28 0 8 *VF�0 . 0 3 4 3 6  R2 =0 . 93 4  
whe r e : 
r ange s : 
,, 
E4 = ene r gy requ i red f o r  accel e r at i on 
segment , kWh 
VF= f i nal vel oc ity reached , m/ s  
2 . 6 2 to 9 . 8 4  kN 
0 . 4 8 5  to 3 . 7 3 1 m/ s .  
1 6 5  
) 
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Data F i l e  Locati ons on D i sk 
, ,  
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� Data F ile lli..§.k. 
capac i ty CAP0 3-CAP0 5 ET-DATA-8 5 -1 
charger  CHR0 2�CHR0 6 ET-DATA-8 5 -1 
ET-DATA-8 5 -2  
l oade r ET0 3 #-ET1 5 #  ET-DATA-8 5 -2 
ET-DATA-8 5-3 
ET-DATA-8 5 - 4  
pto SPTOl -SPT09 ET-DATA-8 5 - 4  
ET-DATA- 8 5-5 
d r af t  ET1 8 t-ET3 2 t  ET-DATA-8 5- 5  
ET-DATA-8 5-6 
ET5 7 t ET-DATA-8 5-9  
f i eld ETO l t-ET0 2 t  ET-DATA- 8 5 - 2  
ET1 6 t-ET1 7 t ET-DATA- 8 5- 4  
model devel opment ET3 4 t-ET3 5 #  ET-DATA-8 5-6 
ET47 t-ET5 3 t ET-DATA-8 5-7 
model evaluat i on ET5 4 t-ET5 6 t ET-DATA-8 5-7 
ET5 8 t-ET6 0 t  ET-DATA- 8 5 -8 
ET-DATA-8 5 -9· 
� Program name � 
capac i ty BATCAP ET- PROG-8 5  
char ger  CHRBAT ET-PROG-8 5  
loader ETRACB ET-PROG-8 5 
pto ETPTOT ET-PROG-8 5 
dr af t ETRACB ET-PROG- 8 5 
f i eld ETRACB ET-PROG-8 5  
model devel opment ETRACB ET-PROG-8 5  
model ev al uat i on ETRACB ET-PROG-8 5  
) 
